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Tab1e 20 
Rat~o o f Length of Tops to Length of Roots a ( Top/ Root Rat~o) of \Vheat Se e dlings Grown 





0 . 0005 
0 . 0010 
0 . 0020 
0 00040 
0 . 0075 
0 . 0150 
0 . 0300 
0 . 0600 




Ib 2b 3 C 
Length Length Tops/Roots Length Length Tops/Roots Length Length Tops/Reots 
of of of of of of 
Roots Tops Ratio Roots Tops Ratio Roots Tops Ratio 
74 . 2 65 . 4 
5S . 9 6S . 3 
49 . 7 71 . 6 
43 . 0 70 . 7 
40 . 7 70 . 4 
35 . 4 70 . 1 
36.4 63 . 9 
41 . 2 57 . 3 ' 
21.5 30 . 7 
7S . 0 136 . Q 
71 . 5 75 . 5 
0 . 9 
1 . 2 
1 . 4 
1 . 6 
1 . '1 
2 . 0 
1 . S 
1 . 4 
1 . 4 
1 . S 
1 . 1 . 
69 . 2 
57 . 0 
49 . 0 
3S . 2 
37 . 2 
35 . 2 
35 . 7 
40 . 4 
21 . 0 
75 . 2. 
71 . 5 
63 . 3 
65 . 6 
67 . 4 
64 . 7 
6S . 4 
6S . 0 
63 . 3 
57 . 0 
30 . 1 . 
133 . 2 
75 . 5 
0 . 9 
1 . 2 
1 . 4 
1 . 7 
1 . S 
1 . 9 
1 . S 
1 . 4 
1 . 4 
1 . S 
1 . 1 
6S . 7 
69 . S 
61 . 9 
57 . 5 
46 . 2 
39 . 0 
37 . 6 
33 . 1 
21 . 0 
74 . 1 
64 . 1 
66 . 2 
69 . S 
66 . 1 
640S 
69 . 9 
67 . 3 
67 . 6 
57 . 3 
32 . S 
146 . 3 
72 . 7 
1 . 0 
1 . 0 
1 . 1 
1 . 1 
1 . 5 
1 . 7 
1 . S 
1 . 7 
1 . 6 
2 . 0 
1 . 1 
aLength of roots was obtained by averaging the principal root and the two longest 
lateral roots , one from each side . b Grown 120 hours , temperature 19 . 750 _ 21oC. C Grown 






Table 26 Continued 
Ratio of Length of Tops to Length of Rootsa (TOp/Root Ratio) 
of Wheat Seedlings Grown in Calcium Nitrate Solutions 
Volume- 4 b Average 
mMolecular 
Concentragion 
Tops/Roots Length Length Length Length Tops/Roots 
of of of of 
Roots Tops Ratio Roots Tops Ratio 
0.0005 74.0 71.8 1.0 171.5 66.7 0.9 
0.0010 76.0 66.5 0.9 65.4 67.5 1.0 
0.0020 65.2 66.3 1.0 56.4 67.8 1.2 
0.0040 66.6 70.9 l.l 51.3 67.7 1.3 
0.0075 39.9 66.? 1.7 41.0 68.9 1.7 
0.0150 36.3 68.7 1.9 36.5 68.5 1.9 
0.0300 46.1 70.5 1.5 38.9 66.3 1.7. 
0.0600 41.1 55.7 1.4 38.9 56.8 1.5 
0.1200 2i.5 33.6 1.6 21.2 31.8 1.5 
Balanced 81.7 138.9 - 1.7 77'.2 138.7 1.8 
Distilled Water 76.4 75.2 1.0- 70.9 74.7 1.1 
a Length of roots was obtained by averaging t he principal root 
and the two longest lateral roots, one fr om each side. 
b Seedlings were kept in solutions 126 hours at a temperature 
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TABLE 27 - 82-
Length of Principal Roots of Wheat Seedli::1gs grown in 
Calcium Nitrate Solutions, each value being expressed 




0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0 . 0300 










































Seedlings were kept in solutions 120 hours at a temperature 
of 19 . 75° 
b Seedlings were kept in solutions 130 hours at a temperature 
of 130 - 22° C. 
c Seedlings were kept in solutions 126 hours at a temperature 




Length of Lateral Roots of Wheat Seedlings grown in Calcium 
Nitrate Solutions, each value being expressed as a 












0.0005 93 95 87 92 91 
0.0010 70 76 88 96 83 
0.0020 55 59 80 83 70 
0.0040 49 47 76 85 64 
0.0075 48 47 64 49 52 
0.0150 42 43 47 43 44 
0.0300 41 43 50 59 48 
0.0600 49 53 39 50 48 
0.1200 24 27 25 24 25 
Balanced 100 100 100 100 100 
Bistilled Water 95 104 92 98 97 
1 
Length of lateral roots was obtained by averaging the 
longest lateral roots, one from each side. 
a 
Seedlings were kept in solutions 120 hours at a temperature 
of 19.750 210 C. 
b Seedlings were kept in solutions 130 hours at a temperature 
of 13° - 22° C. 
c 
Seedlings were kept in solutions 126 hours at a temperature 
of 17.50 - 20.75° C. 
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T_ :UJS 20 
Length of Longe~Roots of Wheat Se~dlings grown in ~alcium 
Nitrate Solution_leach value being expressed as a 
Percentage of the Corresponding value for the 
Balanced Solution 
Volume-Molecular 
Concentration 1 a 2 a 3 b 4 c Average 
0.0005 92 86 99 89 91 
0.0010 80 75 95 90 85 
0 . 0020 75 75 92 80 81 
0.0040 61. 55 81 81 70 
0.0075 57 55 65 51 57 
0.0150 52 50 59 47 52 
0.0300 51 52 56 57 54 
0.0600 52 53 48 49 50 
0.1200 30 30 31 28 30 
Balanced 100 100 100 100 100 
Distilled Water 91 93 88 92 91 
a Seedlings were kept in solutions 120 hours at a temperature 
of 19.75° - 210 C. 
b Seedlings were kept in solutions 130 hours at a temperature 
of 13° - 22° C. 
c 
Seedlings were kept in solutions 126 hours at a temperature 
of 17.5° - 20.75° C. 
TABLE 30 
Length of Tops of Wheat Seedlings grown in Calcium Nitrate 
Solutions, each value being expressed ,as a Percentage 

















































































Seedlings were kept in solutions 120 hours at a temperature 
of 19.750 - 210 C. 
b 
Seedlings were kept in solutions 130 hours at a temperature 
c 
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After this there is a rapid fall in the curve . This improvement 
in growth may be explained, possibly, as in the case of mono-
potassium phosphate solutions , by supposing that the salt serves 
directly as a food material, or that it acts as a catalytic 
agent that accelerates the growth processes . In the light of 
Turner 1s work(1922) it might be due to the presence of the nitrate 
ion which appears to promote the growth of tops by increasing the 
amount of carbohydrates in the tops . 
The principal roots grew in 
better than the lateral roots ; (figur~ 
all tested concentrations 
2. 2,/ '2.,'~ /1. ''it 1-,;' 
21) .--tIn this respect the 
solutions of calcium nitrate resembled those of monopotassium 
phosphate , in contrast to those of magnesium sulphate , which 
retarded the growth of the principal roots . 
The values of the top/root ratio (figure 26) increase 
slightly from tIle lowest concentration used to the concentration 
of 0 . 0150 M. Then the values deceease slowly to the highest 
concentration used . In comparing the graphs for the ratio values 
with the graphs represen~ ing aotual growth of roots and tops 
(figure 21) , it becomes evident that the shape of the curves for 
the ratio values is determined principally by the decreasing root 
values, since the top values remain practically constant . 
An examination of the graphs of figures 27 , 28 , 29 , 
and 30 , in which the values are plotted as percentages of the 
corresponding values for the balanced solution, indicates clearly, 
as in the case of magnesium sulphate and monopotassium phosphate 
solutions , that the amount of variability of seedlings was less 
in the more concentrated solutions . The results with calcium 
nitrate thus confirm those with the other salts in showing that , 
-91-
even in the minor details of the graphs , the variability of 
respective organs decreased under progressive l y less favorable 
condi tions . 
~ 
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CO' PARISON OF RE, 'ULTS FOrt !IAGNESIurl JULPHATE , ~,~OrOPOTASSIm,: 
PHOSPHATE , AND CALCIUM NI TRATE SOLUTI ONS 
The:)raphs of figures 31, c2, and 33 show that in none 
of the single - salt solutions , containing ma?;ne siu 1 sulphate , 
monopotassium phosphate , or calcium ni tra te , 'vas the root growth 
more rapid than it ViaS in di stilled water alone . For root growth 
di stilled vva tel" was therefore as good a ~Iedium as an~~ of the 
solutions tested in tho present investigation . The grovth of the 
roots in the lowest concentration of calciu~ nitrate used (0 . 0005 M) 
was as ~ood as in distilled water or in the balanced solution; 
but the corresponding concentration of mac;ncsiur'1 sulphate VIas 
sO""'le',:vhat toxic for root growth and the same c onc.entration of 
monopotasSiUI'l phosphate 'va s markedly toxic . At hir:;her concentrations 
:ma~nesiUi~l sulphate solutions were , in general ,' the 'lost toxic for 
00 r\\t ~rowt~"l, calciu::1 nitrate solutions were the least toxic , and 
monopotassium phosphate solutions exerted an internediate toxic 
effect . 
It is interesti.ng to note that 1~10nopotassiu'11 phosphate 
in the 10 "es!~ cOYlcentration used(0 . 0005 -) ViaS much more toxi c 
than ll1a~nesium in the sane nolecular conce'1.tration; in a somewhat 
hi~her concentration the trIO salts ~.vere equally toxic; and 
i n stj.ll :hiGher concentra cions , ","ar:;ne shAY' sulpl'.D. te '.ias :ruch 
Dore toxic than nonopotassiuJ. phosphate . 
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It is interesting to note also that in kO¥ concentrations 
mo~opotassiun p~osphate was decidedly Dore toxic than calciu~ 
I 
nitrate , but that in a concentration of about 0 . 0075 rff these 
two salts ,Iere 'about equall~" toxic . 
The grap' .s of fic;ure Z4 show that cop c:;routh of plants 
in T'1agnesiu"l sU-Lp'-ate or in calcium nitrate ',laS never better 
than in dis~illed wate:.' . T:'19 graphs show very clearl:~, however , 
that the growth of tops was much better in monopotassiul11 phosphate 
solutions than in distilled water . 
':1:.'''e same co;. elusion is evid,mt when a conpa.'ison is 
made between the balanced solution (w:::.ich contains monopotassium 
phosphate ) and distilled water . The roots gre'J about equally 
well in these two media , but the tops grew very Much better 
in the balanced solution . It see 1S ver~T clear that 'wnopotassium 
phosphate supplies so 'e r:mte:..-ial that ilas a very important 
influence i n pro"loting top iSJ'ovVth . Of the two salts te sted 
·which are toxic for top e;rowth , :rJ.ac;nesiu 1 sulphate is the 
Dore toxic and calcium nitrate is the less toxic . 
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PART II 
GROWTH OF lVREAT SEEDLINGS IN SOLUTIONS CONTAINING MAGNESIUM 
SULPHATE, MONOPOTASSIUM PHOSPHATE , AND CALCIUM 
NITRATE COMBINED IN PAIRS . 
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INTRODUCTION 
It was discovered more than thirty years ago that 
the injury caused by salts of monovalent metals to living 
organisms may be diminished or prevented entirely by the action 
of salts of bivalent metals , which are also toxic themselves 
for the living organisms . This phenomenon was called antagonism. 
One of the first pairs of antagonizing salts to be 
discovered was calcium nitrate (Ca(N03 )2 ) and magnesium nitrate 
(Mg (N03 )2 ). Later many other similar pairs were discovered . 
Antagonism of salts is now measured by many workers 
in different fields of investigation . 
1 . Purely chemical antagonism.--Hober and Gordon (1904) 
have pointed out the existence of antagonism between the 
precipitating effect of monovalent and bivalent metals . Fenn 
(1916 ) has shown the existence of antagonism by using as a 
criterion the precipitation of gelatine by alcohol:Wastle(1922) 
ha~ used as a criterion the formation of free iodine from 
HI03 in the presence of H2S04 • Clowes (1918) made artificial 
membranes ' by saturating filter paper with an emulsion of oil 
and soap , and he has shown that these artificial membranes 
exhibit variations in electrical conductivity and permeability 
under the influence of antagonistic agents corresponding to 
those which have been found for living plant tissues . 
2 . Antagonism with living organisms .-- Lipman (1914) 
studied antagonism between anions as related to nitrogen tran-
sformation in soils and found that antagonism exists not only 
- 101-
between kations but also between anions in relation to nitrogen 
transformation in soils . 
The most prominent workers on salt antagonism with 
living organisms are Osterhout with plants and Loeb with animals . 
Osterhout (1922 ) has found that subst aLc es which 
c ause an increase in conductivity of the plant tissue antagonize 
sUbstances which cause a decrease in conductivity of plant 
tissue . He also has s h own that antagonism exists not only 
between kations but also between anions . Osterhout has reacned 
the conclusion that antagonizing salts hinder or prevent each 
o the r from entering the living cell . If they eventually do 
penetrate , buth salts combine with the protoplasm and form a 
c ompound which inhibits the death process . 
Loeb (1906 ) has found that a small quantity of a 
salt of a bivalent metal suffices to render a solution of a 
salt wi th a monoval ent kation harmless for the small animals 
he tested . He also has found that it is impossible to produce 
a similar effect through the addition of a salt with an anion 
of higher valency . Loeb concluded that the antagonistic action 
of salts consists in the modification of the cell membrane ' py 
a combined action of the two salts , whereby the membrane 
becomes less permeable for both salts . 
Hawkins (1910 ) in working on fungi came to the 
conclusion that antagonism is not due to changes brought about 
in the solution itself , not to the depression of the ionization , 
or formation of double salts ; the Changes , he believes , must be 
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brought about within the cell itself . Hawkins expresses the 
opinion that valency alone does not determine the efficiency 
of one kation in influencing the toxicity of another; other 
properties must be taken in account . 
The aim of the present work was to obtain some more 
exact data on antagonism between the three salts that have 
been used so extenEi vely during recent years in making artificial 
nutrient media for highe~ plants--namely, magnesium sulphate, 
monopotassium phosphate , and calcium nitrate . 
Osterhout has employed in his work with plants (1922) 
a method involving mixtures of equally toxic solutions. He 
determined the composition of two equally toxi c solutions of 
the two salts investigated, by using as a criterion their 
influence on the growth of roots of wheat seedlings . He found 
that ~he growth of roots in 0 . 12 M &aCl was the same as in 
0 . 164 f( CaC12 • These solutions were equally toxic . IJ'Jhen he 
mixed these two equally coxic solutions in different pr-oportions 
he found that the toxicity was diminished . The mixtu:res allowed 
more rapid growth than the pure solutions . The grovrt;h in either 
pure solution he called the additive effect, and the surplus 
grovth in the mixtures over the amount of growch in either 
equally toxic pure solution he ascribed to anta~onism . On 
t:l.i s basi s, grovrth due to antagoni sm equals growth in ~l1ixture 
minus growth in either pure solution . To express the antagonism 
quantitatively , Osterhout expressed the surplus growtn in terms 
of the growth in the pure solution as unity . For example , he 
found that the aggregate length of wheat roots after growth for 
10::--
30 days was 55 mm . in either 0 . 12 TaCl or in 0 . 164 
In a certain mixture of these pure solutions the lenath of 
roots was 298 mm . According to Osterhout, antagonism in this 
mixture- was (298 minus C;5) -:-- E5, or 4 . 42 . 
This method was not employed in the present work . The 
principal reason why another method was used is that in taking 
different mixtures of two equally toxic solutions we always 
reduce the concentration of each of the two salts . If we prepare 
two equally t oxi c solutions- - for example 0 . 12 ] 1.aCl and 0 . 164 
CaC12-- and tben mix these in equal proportions by volume 
(for example, by mixing fOO cc. of the first: solution with 500 
cc . of the second solution) , the resulting mixture will contain 
0 . 06 M NaCl plus 0 . 082 1' . CaC12 • Suppose we find that the growth 
is better in this mixture than in either pure solution . Is i t 
safe to assume that the increased orowth is due to the influence 
of one salt in altering or neutralizing the toxic effect of 
the other salt? In such a case, does the increased gro.vth 
necessarily mean th t one salt acts as an antidote to the other? 
Way not the increased growth be due simply to the fact that in 
the mixture neither salt is present in a very toxic concentration? 
A hypot~etical case will serve to illustrate the point . Suppose 
0 . 12 :aCl exerts its toxic action on cell division, while 
0 . 164 r CaC12 exerts its injurious effect on cell elongation • . 
The mixture mentioned (0 . 06 M NaCl plus 0 . 82 ~ CaC12 ) might 
per nit better growth than either pure solution, because cell 
division would be retarded less and cell elongation would also 
-104-
be retarded less . In this case the increased growth would not 
result from the fact that NaCl acted as an ant idote for CaC12 , 
or vice versa . I~Cool (191Z) has also discussed this subject . 
In the present work another method was therefore 
used . This method has been discussed by Osterhout (1918 ), 
and it has been used by many investigators . This method consists 
in keeping one of the tested salts at a constant concentration 
in all of the solutions and adding to the solutions different 
knovm concentrations of the second ' salt tested . 
-105-
rmTHOD OF EXPERn~HTATION 
The material s used were the same as in the experiments 
with single salts . 
In making up the required mixtures of the two salts 
tested, the liter flask was first half filled with distilled 
water in order to prevent the formation of a precipitate ; the 
required quantity of the stock solution of one salt was then 
poured in; then the required volume of the stock solution of 
second 
theA salt was poured into the flask, and the flask was filled 
to the mark with distilled water . In all other details the 
method was the same as with single salts., 
Duplicate cultures for each one of the different 
mixtures of the salts tested were grovVD simultaneously under 
the same environmental conditions . Each culture contained 25 
seedlings, thus making a t 'otal of 50 seedlings for each salt 
mixture tested . The closeness of agreement of the duplicate 
cultures for each salt mixture indicates that 50 seedlings 
are enough to overcome the natural variability of the seedlings 
sufficiently to obnain a fairly reliable average . 
All graphs were plotted with a logarithmic scale 
for abscissas . This was done to have the graphs all fit on a 
sheet of paper of suitable size . Equal distances on the scale 
that 
of abscissas actually mean tl1e concentrations are doubled . The 
1\ 
fact that the curves drop more rapidly at high concentrations 
than they rise at low concentrations is thus due to the property 
- 106-
of the logarithmic scale on which the graphs are plotted . This 
feature must be borne in mind in studying the graphs with reference 
to the properties of the salt mixtures used . 
T BLE 71 
- 107-
Length of Principal Roots of Wheat Seedlings 
grown in Mixtures of 0 . 0150 M Magnesium 
Sulphate and Different Concentrations 
of Calcium Nitrate solutions 
Length of Principal Roots 
Mixture Used 
a a 
1 2 Average 
mm . mm . ImIl . 
0 . 0150 M MgS04 
Plus 
0 . 0000 M Ca(N03 )2 12 . 4 12 . 4 12 . 4 
0 . 0005 11 11 20 . 9 20 . 8 20 . 8 
0 . 0010 11 11 34 . 7 34 . 5 34 . 6 
0 . 0020 " II 67 . 1 63 . 5 65 . 3 
0 . 0040 II 11 84 . 7 79 . 6 82 . 1 
0 . 0075 " It 83 . 4 80 . 8 82 . 1 
0.0150 M " 87 . 7 86 . 0 86 . 8 
0 . 0300 It " 88 . 7 80 . 5 84 . 6 
0 . 0600 " " 63 . 8 63 . 1 63 . 4 
0 . 1200 " " 31 . 3 30 . 2 30 . 7 
Balanced 92 . 6 92 . 6 92 . 6 
Distilled Water 77 . 2 77 . 2 77 . 2 
a 
Seedlings were kept in solutions 136 hours at a temperature 
of 17 . 5° - 21 . 50 C. 
TABLE 32 -108-
1 . 
Length of Lateral Roots of Wheat Seedlings grown in 
Mixtures of 0 . 0150 M Magnesi~un Sulphate and 
Different Concentrations of Calcium Nitrate solutions 
Mixture Used 
0 . 0150 M MgS04 
Plus 
0 . 0005 " 
0 . 0010 " 
0 . 0020 II 
0 . 0040 II 
0 . 0075 II 
0 . 0150 
0 . 0300 11 
0 . 0600 11 

















15 . 4 
20 . 0 
32 . 0 
67 . 1 
80 . 6 
78 . 0 
56 . 1 
21 . 6 
74 . 6 




13 . 2 
17 . 9 
31 . 9 
60 . 4 
77 . 5 
80 . 1 
76 . 5 
78 . 9 
54 . 9 
20 . 5 
74 . 6 
74 . 6 
Average 
mm . 
14 . 3 
18 . 9 
31 . 9 
63 . 7 
78 . 3 
80 . 3 
77 . 2 
79 . 1 
55 . 5 
21 . 1 
74 . 6 
74 . 6 
Length of lateral roots was obtained by averaging the 
two longest lateral roots, one from each side . 
a 
Seedlings were kept in solutions 136 hours at ·a temperature 
of 17 . 50 - 21 . 50 C. 
T BLE 33 
Length of Longest Roots of Wheat Seedlings grown in 
Mixtures of 0 . 0150 M Magnesium Sulphate and 
- 109-
Different Concentrations of Calcium Nitrate solutions 
a Seedlings were kept in solutions 136 hours at a temperature 
of 17 . 5° - 21 . ~o c. 
TABLE ~4 - 110-
Length of Tops of Wheat Seedlings grown in Mixtures 
of 0 . 0150 M Magnesium SUlphate and Different 
Concentrations of Calcium Nitrate solutions 
Length of Tops 
Mixture Used 
a a 
1 2 Average 
mm . mm. mm . 
0 . 0150 M MgS04 
Plus 
0 . 0000 M Ca(N03 )2 38 . 8 32 . 4 35 . 6 
0 . 0005 II II 79 . 4 70 . 6 75 . 0 
0 . 0010 " II 80 . 1 78 . 9 79 . 5 
0 . 0020 II II 73 . 5 69 . 9 71 . 7 
0 . 0040 " " 66 . 0 65 . 5 65 . 7 
0 . 0075 II " 69 . 5 65 . 8 67 . 6 
0 . 0150 " II 67 . 7 63 . 7 65 . 7 
0 . 0300 II " 68 . 0 67 . 8 67 . 9 
0 . 0600 11 " 64 . 7 61 . 5 63 . 1 
0 . 1200 11 " 42 . 5 41 . 7 42.1 
Balanced 144 . 0 144 . 0 144 . 0 
Distilled Water 80 . 0 80 . 0 80 . 0 
a 
Seedling s were k ept in solu tions 136 hours at a temperature 
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RESULTS FOR MIXTURES OF MAGI bSIHM SULPHATE 
AJ.\ D CALCIUM NITRATE 
1. Results for ~I!ixtures Containing 0 . 0150 M Ifagnesiulll Sulphate 
and Different Concentrations of Calcium Nitrate 
The existence of an antagonizing relation between 
the kations Ca and Mg (often expressed as CaO and MgO) was the 
first case to be discovered . It was pointed out by Loew 
(1892 , 1901) , and was later confirmed by many other workers . 
McCool (1913 ) has shovm that there exists an antagonism between 
CaC12 and r~gC12 ' as well as between CaC12 and MgS04 • But the 
literature does not report studies of the antaBonism existing 
between MgS04 and Ca(N03 )2 ' These salts have a special i~portance 
for the reason that they are often used in making up nutritive 
solutions for higher plants . These two salts furnish four of 
seven 
the main i ons needed for plant growth . 
In the present work t h e concentration of magnesiunl 
sulphate was kept constant at 0 . 0150 M, and different concentrations 
of calcium nitrate were added . No precipitate was observed i n 
any of the mixtures used . 
The smalle st c.oncentra tion of Ca (N0
3
)2 added (0. 0005 M) 
to 0 . 0150 1\1 MgS0
4 
shows an increase in the growth of roots as 
compared with the growth in 0 . 0150 M I,,~gSO 4 (figure 36 ) alone . 
The graph for root growth rises slowly with the 
increasing concentrations of Ca (N03 )2 added . The opt i mum is 
reached in a mixture containing 0 . 0150 M MgS0
4 
and 0 . 0150 M Ca( N03 )2 ' 
at which root growth is approximately the sane as in distilled 
-115-
water or in the balanced solution . This result agrees well with 
the results obtained in field rlOrk and pot experiments by many 
diffe1~ent ,yorkers (Loe\'! , 1901; Aso, 1904: ; Daikuhara, 1905; and 
many ot'1.ers) . 'flen hi ""her concentrations of Ca (n03 ) 2 Here added 
to 0 .e150 ~'gJ04 ( from O. OlEO ' Ca(!T0
3
)2 to the h irr;hest con-
centra tion used, 0 . 1200 l' Ca (NO ) }, the'ro,Jth of roots be comes 
3 2 
less and less rapid with the increasing concentrations of 
Ca (l~0) added . Bu. t even when the ,reate s t, tested concentration 
3 2 
of Ca (ro )2 (0. 1200 .. ) is addect, tho Grm7t!1 is still ,'uch better 
3 "' 
than in 0 . 0150 r Mg30 alone . 
4 
The 1--i8e in the curve of r;rowt'l , between concentI'ations 
of fr'O::l O. OOOf P Ca (rO) to O. OlEO ~f Ca(":TO ) added to 0 . 0150 r.1 
3 2 3 2 
I,.gSO , T'lust be due to tLe allta ' onizino; action of the tvlO sal ts 
4 
used . When a concentration of approxiwately 0 . 002::Z: ~ Ca(EO ) 
~ 2 
is added to 0 . 0150 I.1' l1gS0 , the oro'dth of th" roots is the' sane 
4 
as in solu':.ion 6f 0 . 002::' r CaOO ) alone (figure 44 ). Both 
3 2 
salt s used TI..nl st nm tually al"taronize each other , because in 
case Ca( :C ) would only antagonize:gs0
4 
and it would not be 
3 2 
anta.::;onized in its turn by J gS04' the optimum for root growth 
in the different lJlixtures tested ought to be as hi[-h as the 
gro:lth of loots in solu'Jion8 of 0 . 002. : Ca(rO~ )2 alone . The 
.) 
further rise in gro.;th shows that the Ca( r0
3
)2 present tIUst 
also be antar:ronize d . Thussro rth in lTLixture s contaL nine; from 
addition to :;h8 MgSO. 
'± 
is nnt only vdr~- ';uch better than in t: e r~s04 alone , but is 
Mar ;:edl-;:T better tha"" i f" t'-".e Bolu tions of Ca (l~03)2 alone . 




)2 than 0 . 0150 1\1 were added is due to 
the increasing amount of Ca(N0
3
)2 present which can not be 
antagonized by the amount of MgS0
4 
present . 
Molecular ratios betwee the two antagonizi ng salts 
do not appear to determine the toxicity of the mixture of the 
two salts . If the molcular ratios controlled the growth, the~curve 
for growth in mixtures after reaching the optimum ought to run 
parallel to the Ca(N0
3
)2 curve . If a cer~ain molecular proportion 
of Ca(NO) were needed to antagonize the MgS0
4 
present , then 
- 3 2 
additions of Ca(N0
3
)2 in greater amounts ought to retard the 
growth in the same way as Ca(NO) alone would . The greater and 
3 2 
greater amounts of Ca(N0
3
)2 remaining unantagonized should 
result in a fall in the growth curve for mixtures so that it 
would run parallel to that for Ca(N03 )2 alone . Figure 44 shows 
that this is not the case . There must be other factors involved 





• This might very' well depend 
upon the intricate and complicated interactions of each of the 
two salts with the protoplasm . It might even depend upon the 
interaction of kations md anions of each one of the two salts 
separately with the protoplasm. Changes in the permeability 
of the cell for the different anions and kations in the sol-
ution might be brought about by the influence of the salts 
used, and these alterations might determine the interrelations . 
The salts thus antagonize one another with regard to their 
influence on growth . The antagonistic action seems to occur 
within the cell itself, or through the interaction of-the cell 
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material ~th the solution . Th ere is no evidence to support 
the idea t h an antagonism occurs in the solution itself. 
Some further evidence for the suggestions just made 
can be obtained from consideration of the fact that t h e curve 
for root growth differs from the curve for top growth in all 
tested solu tion s of single sal ts as well as in all t heir tested 
mixtu res . This may be explaine d by supposing t hat the roots 
Ch ange the entering salt solutions before they reach t he tops . 
The sarre reasoning and all the suggestions mentioned 
here apply to all t h e other cases of antagonism encountered in 
the study, and t h is discussion will not be repeated in connection 
with t h e oth er salts . 
Th e lateral roots always grew poorer t h an t he principal 
roots in all the mixtures of Ca( NO) and 0 . 0150 M MgSO tested 
3 2 4 
(figures 36 , 37 , 38) . The relation of principal to lateral 
roots wa s thus t h e sa me as that observed in wheat seedlings 
grown in different concentrations of Ca( N0
3
)2 alone (figure 22) . 
The typical bran ching of prin cipal root observed in Ca( N0
3
)2 
solutions was also observed here wh en s tronger concentration s 
of Ca( NO) were added . 
. 3 2 
For tops (figure 36) t he smallest concent ration of 
Ca( N03 )2 added (0 . 0005 It ) to 0 . 0150 M Mg S04 
sh owed a hi gh 
antagonizing eff ect. The cu rve for mi xtur es rises to t he height 
representing growth in Ca( NO} alone, and then remains hi gh, 
3 2 
following the Ca(N03 ) curve fairly closely . Thus the curve for . 2 
mixtures rises until 0 . 0010 rt Ca (NO) is added ; then it falls 
3 2 
slowly with the increasing concentrations of Ca( NO} until 
3 2 
Table 35 
Ratio of Length of Tops to Lengt h of Rootsa ( Top/Root Ratio) of Wheat Seedlings Grown in 
Mixtures Containing 0 . 0150 M Magnesium Sulphate and Di fferent Concentrations of Calcium 
Nitrate solutions 
Mixture Ib 2b Average 
Used Length Length Tops/Roots Length Length Tops/Roots Length Length Tops/Roots 
of of of of of of 
Roots Tops Ratio Roots Tops Ratio Roots Top s Ratio 
0 . 0150 M 
MgS04 Plus 
Ca {N03)2, M 
0. 0000 14 . 4 38 . 8 2 . -7 12 . 9 32 . 4 2 . 5 13 . 6 35 . 6 2 . 6 
0 . 0005 20 . 3 79 . 4 3 0 9 18 . 9 70 . 6 3 . 7 19 . 6 75 . 0 3 . 8 
0 . 0010 32 . 9 80 . 1 2 . 4 32 . 8 78 . 9 2 . 4 32 . 8 79 . 5 2 . 4 
0 . 0020 65 . 9 73 . 5 1 . 1 62~7 69 . 9 1 . 1 64 . 3 71 . 7 1 . 1 
0 . 0040 80 . 0 66 . 0 0 . 8 79~3 65 . 5 0 . 8 79 . 6 65 . 7 0 . 8 
0 . 0075 81 . 2 69 . 5 0 . 9 80~7 65~ 8 0 . 8 80 . 9 67 . 6 0. 8 
0 . 0150 80 . 6 67 . 7 0 . 8 80 ~ 2 63 . 7 0 . 8 80 . 4 65 . 7 0 . 8 
0 . 0300 82 . 2 68 ~ 0 0 . 8 79 . 7 67 . 8 0 . 9 80 . 9 67 . 9 0 . 8 
0 . 0600 58 . 4 64 . 7 1 . 1 57 . 9 61 . 5 1 . 1 58.1 63 . 1 1 . 1 
0 . 1200 24 . 8 42 . 5 1 . 7 23 . 7 41 . 7 1 . 8 24 . 2 42 . 1 1 . 7 
Balanced 83 . 6 144 . 0 1 . 7 83 . 6 144 . 0 1 . 7 83 . 6 144 . 0 1 . 7 
Distilled 
Water 75 . 5 
I 
8 0 . 0 1 . 1 75 . 5 80 . 0 1 . 1 75 . 5 8 0 . 0 1 . 1 1-' I-' 
(X) 
a Length of roots was obtained by t a k ing the ave r age of the prin cipa l root and t he two 
I 
longe s t laterals, one f rom each s i de . 




0 . 0600 M Ca(NO) is added, after which it drops dovm rapidly, 
3 2 
so that the growth value for the mixture containing 0 . 1200 M 
Ca(NO) plus 0 . 0150 M MgSO is only slightly higher than the 
3 2 4 
growth value for r~ ° alone . The growth curve for mixtures shows 
4 
even the characteristic rise in growth when 0 . 0300 M Ca(N0
3
)2 
was added which was observed for solutions in which Ca(N0
3
)2 
was alone present in the concentration of 0 . 0300 M. 
The value for the top/root ratio (figure 39) is 
higher in the smallest concentration of Ca(N03 )2 (0 . 0005 M) 
added to 0 . 0150 ~~ MgS0
4 
than it is in 0 . 0150 M HgS04 alone . 
But the curve for values of this ratio drops rapidly with 
increasing additions of Ca( NO) up to the concentration of 
. 3 2 
0 . 0040 M • After this the value for the top/root ratio remains 
at the same level until 0 . 0300 H Ca( NO ) is added, after which 
3 2 
it starts to rise again with increasing concentrations of 
Ca( N0
3
)2 to t he highest concentration of Ca(N03 )2 used (0 . 1200 M) . 
In comparing the curve for top/root ratio (figure 39) 
with the curve for the actual growth of tops and roots (figune 36) 
it becomes clear that the drop of the 'top/root ratio between 
the concentrations of 0 . 0005 M and 0 . 0040 M Ca( N03 )2 added to 
0 . 0150 1VI MgS0
4 
is due to the fact that the top growth (the 
numerator of the ratio) remains practically constant, 
while the root growth (denominator) increases rapidly . The 
rat~o value must necessarily decrease . Both top and root values 
then remain practically consta:1 t for a considerable range of 
concentrations ; hence their ratio remains constant also . Finally , 
root values decrease much more rapidly than top values; therefore 
-121-
TABLE 36 
Length of Principal Roots of Wheat Seedlings Grown in Mixtures 
Containing 0 . 0150 M Magnesium Sulphate and Diffe~ent Concentrations 
of Calcium Nitrate, each length value being expressed as a 
Percentage of the Corresponding value for the Balanced Solution 
Mixture Used 
0 . 0150 M MgS04 
Plus 
0 . 0000 M Ca(N03 )2 
0 . 0005 II II 
0 . 0010 II If 
0 . 0020 II II 
0 . 0040 " II 
0 . 0075 II " 
0 . 0150 II II 
0 . 0300 II II 
0 . 0600 If II 













































Seedlings were kept in solutions 136 hours at a temperature 
> 17 . 50 - 21 . 5° C. 
7 -122-
1 
Length of Lateral Roots of Wheat Seedlings Grown in Mixtures 
Containing 0 . 0150 M Magnesium Sulphate and Different 
Concentrations of Calcium Nitrate , each length value being 
expressed as a Percentage of the Corresponding value for 
the Balanced Solution 
a a 
Mixtur"e Used 1 2 Average 
0 . 0150 M MgS0
4 
Plus 
0 . 0000 M Ca(N0
3
)2 21 18 19 
0 . 0005 11 " 27 24 25 
0 . 0010 II " 43 43 43 
0 . 0020 " II 90 81 85 
0 . 0040 " " 106 104 105 
0 . 0075 II " 108 107 108 
0 . 0150 " " 105 103 104 
0 . 0300 " " 106 106 106 
0 . 0600 " 11 75 74 74 
0 . 1200 " " 29 28 28 
Balanced 100 100 100 
Distilled Water 100 100 100 
1 
Length of lateral roots was obtained by averaging the 
two longest lateral roots, one from each side . 
a 
Seedlings were kept in solutions 136 hours at a temperature 
of 17 . 5° - 21 . 5° C. 
TABI..E 38 -123-
Length of Longest Roots of Vfueat Seedlings Grown in Mixtures 
Containing 0 . 0150 M Magnesium Sulphate and Different 
Concentrations of Calcium Nitrate, each value being expressed as 
a Percentage of the Corresponding value for the Balanced Solution 
a a 
Mixture Used 1 2 Average 
0 . 0150 M MgS04 Plus . 
0 . 0000 M Ca( N03 )2 
18 16 17 
0 . 0005 " " 25 23 24 
0 . 0010 11 11 38 38 · 38 
0 . 0020 11 11 80 72 76 
0 . 0040 " II 92 89 90 
0 . 0075 " " 95 92 94 
0 . 0150 " 11 100 96 98 
0 . 0300 " II 97 96 96 
0 . 0600 11 " 70 · 69 70 
0 . 1200 n II 33 32 33 
Balanced 100 100 100 
Distilled Water 91 91 91 
a 
Seedlings were kept in solutions 136 hours at a temperature 
of 17 . 5° - 21 . 50 C. 
of 
TABLE 39 
Length of Tops of Wheat Seedlings Grown in Mixtures 
Containing 0 . 0150 M Magnesium Sulphate and 
Different Concentrations of Calcium Nitrate, 
each length value being expresse d as a Per-
centage of the Corresponding value for the 
Balanced Solution 
a a 
Mixture Used 1 2 
0 . 0150 M MgS04 
Plus 
0 . 0000 M Ca(N03 )2 27 23 
0 . 0005 " " 55 49 
0 . 0010 II " 56 55 
0 . 0020 II " 51 49 
0 . 0040 11 " 46 47 
0 . 0075 It " 48 46 
0 . 0150 11 II 47 44 
0 . 0300 " " 47 47 
0 . 0600( 11 " 45 43 
0 . 1200 30 29 
Balanced 100 100 

















Seedlings were kept in solutions 136 hours at a temperature 
17.5° - 21.5° C. 
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the ratio increases . 
An idea of the closeness of agreement between the two 
experiments carried out for each tested mixture can be obtained 
by examining the data presented in tables 36 , 37 , 38 , and 39 , 
and the graphs of figures 37 and 38 . 
TABLE 40 
-12b-
Length of Principal Roots of Wheat Seedlings Grown in ]I{ixture s 
of 0 . 0300 M Magnesium Sulphate and Different Concentrations 
0" of Calcium-' Ni trate 
a 213. Mixture Used 1 Average 
mm. mm . rrnn. 
0 . 0300 M MgSO 
4 
Plus 
0 . 0000 M Ca (NO ) 11.7 10 . 7 11 . 2 
3 2 
0 . 0005 13 . 7 13 . 2 13. 4 
0 . 0010 17 . 4 17 . 4 17 . 4 
0 . 0020 27 0 8 27. 6 27 . 7 
0 . 0040 56 . 4 55 . 4 55 . 9 
0 . 0075 75 . 0 73 . 6 74 . 3 
0 . 0150 84 . 8 82 . 2 83 . 5 
.0 . 0300 84 . 4 82 . 2 83 . 3 
0 . 0600 67 . 1 66 . 0 66 . 5 
0 . 1200 37 . 8 31 . 4 34 . 6 
Balanced 84 . 8 84 . 0 84 . 4 
Distilled 'Vater 96 . 7 96 . 7 96 . 7 
a 
Seedlings were kept in solutions 132 hours at a temperature 
of 17° - 20Q C. 
TABLB 41 -127-
1 
Length of Lateral Roots of 'Wheat Seedlings Grown in Mixtures of 
0 . 0300 M Magnesium Sulphate and Different COl1centragions of 
Calcium Nitrate . 
Mixture Used 
0 0 0300 M MgSO 
4 
Plus 
0 . 0000 M Ca( NO ) 
3 2 
0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 








9 . 4 
13 . 3 
23 . 5 
47 . 5 
63 . 4 
73 . 4 
73 . 5 
61 . 5 
28 . 9 
85 . 8 
86 . 1 
mm . 
8 . 9 
8 . 3 
12.3 
22 . 1 
45 . 4 
60 . 3 
71 . 5 
70 . 0 
58 . 2 
21 . 3 
82 .2 
86 . 1 
verage 
mm. 
9 . 7 
8 . 8 
12 . 8 
22 . 8 
46 . 4 
61 . 8 
72 . 4 
71 . 7 
59 . 8 
25 . 1 
84 . 0 
86 . 1 
Length of lateral roots was obtain~d by averaging the two 
longest lateral roots , one from each side . 
a 
Seedlings were kept in solutions 132 hours at a temperatur e 
of 170 - 200 C. 
TABLE 42 -128 -
Length of Longest Roots of l.Nheat Seedlings Grown in Mixtures of 
0 . 0300 M Magnesium Sulphate and Different Concentrations of 
Calcium Nitrate 
TABLE 43 -129-
Length of Tops of 'Nheat Seedlings Grovm in Mixtures of 0 . 0300 M 
Magnesium Sulphate and Different Concentrations of Calcium 
Nitrate 
Mixture Used la 2a Average 
mm. mm . mm . 
0 . 0300 M Mg SO 
4 
Plus 
0 . 0000 M Ca( NO ) 34 . 4 31 . 5 32 . 9 
3 2 
0 . 0005 56 . 0 53 . 6 54 . 8 
0 . 0010 62 . 2 60 . 8 61 . 5 
0 . 0020 72 . 3 70 . 0 71 . 1 
0 . 0040 68 . 6 67 . 1 67 . 8 
0 . 0075 66 . 2 63 . 8 65 . 0 
0 . 0150 63 . 2 62 . 1 62 . 6 
0 . 0300 60 . 9 58 . 7 59 . 8 
0 . 0600 56 . 9 55 . 3 56 . 1 
0 . 1200 46 . 3 42 . 1 44 . 2 
Balanced 135 . 1 1 26 . 1 130 . 6 
Distilled Water 77 . 1 77 . 1 77 . 1 
a 
Seedlings were kept in solutions 132 hours at a temperature 
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2. Results for Mixtures Containing 0 . 0300 M Magnesium Sulphate 
and Different Concentrations of Ca~cium Nitrate 
The concentration of MgS0
4 
was kept constant in this 
set of experiments at 0 . 0300 M,and different concentrations of 
calcium nitrate were added . 
A small amount of white precipitate was observed in 
mixtures containing 0 . 0600 M Ca( N0
3
)2 and 0 . 0300 M MgS0
4
; a 
somewhat" heavier white precipitate was observed in mixtures 




The smallest concentration of Ca(N03 }2 added to 0 . 0300 M 
MgSO 4 did not show any antagoniz ing effect (figure 40) .• With 
the addition of 0 . 0010 M Ca( N0
3
)2 to the 0 . 0:::00 M 1'.1gS04 an 
increase in root growth was observed as compared with the growth 
of roots in r\ffgS04 alone . The curve representing t h is increase 
in root growth rises slowly with' the increasing concentrations 
of Ca(N0
3
)2 added . When an approximate concentration of 0.0042 M 
Ca(N0
3
)2 is added to 0 . 0300 M r~g S04 the growth of roots is the 
same as in a soluti.on of 0 . 0042 M Ca(N03 ) alone . The optimum . 2 
is reached in a mixture containing 0 . 0200 1 MgS04 
Ca( N0
3
)2,at which the growth is approximately the 
and 0 . 0150 r:I 
same as in 
distilled water or in the balanced solution . The curve remains 
at the same level with the optimum point until a concentration 
of 0 . 0300 M Ca(N0
3
)2 is added; then it starts to drop with 
the increasing concentrations of Ca( N03 )2 added . For the stronges t 
tested concentratior of Ca( fi0
3
)2 (0 . 1200 l~ ), the growth is still 
TABLl:; 4 4 
1 
Ratio of Length of 'fops to Leng t h of Roots (Top/Root Ratio) of 'Nheai1 seedlings · Grown in 
Mixtures Containing 0 . 1000 M Monopotassium Phosphate and Diff erent Concent rations of 
Calcium Nitrate 
Mixture Used 
0 . 1000 1.1 KH 2PO 1= 
Plus ',,; 
Leng t h 
of 
Roots 
0 . 0000 M Ca( NOJ)L 5 . 4 
3 2 
0 . 0005 
~ O . OOIO 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0 . 0300 
0 . 0600 
0 . 1200 
Balanced 
Distilled Water 
15 . 9 
35 . 1 
42 . 3 
37~5 
70 . 6 
26 . 5 
13 . 5 
5 . 4 
2 . 0 
77 . 6 
64 . 9 
a 
1 
Length Top/R.Oo t Len~th 
of of 
Tops Ratio ~~ Roots 
10 . 8 
57 . 4 
78 . 4 
81 . 1 
77 . 9 
102 . 5 
50. 4 
55 . 3 
12 . 9 
6 . 9 
137 . 0 
67 . 9 
2 . 0 
3,,6 
2 . 2 
1 . 9 
2 . 1 
1 . 5 
1 . 9 
4 . 1 
2 . 4 
3 . 5 
1 . 8 
1 . 0 
A~8 
14 . 4 
23 . 2 
41 . 3 
35 . 7 
61 . 4 
26 . 0 
11 . 4 
4 . 0 
2 . 0 
76 . 2 
64 . 9 
a 
2 
Len~th Top/ Root Length 
of of 
Top s Rat io Root s 
8 . 4 
54 . 4 
71 . 9 
74 . 1 
75 . 7 
85 . 4 
44 . 0 
44 . 5 
12 . 4 
6 . 6 
120 . 9 
67 . 9 
1 . 8 
3 . 8 
3 . 1 
1 . 8 
2 . 1 
1 . 4 
1 . 7 
3 . 9 
3 . 1 
3 . 3 
1 . 6 
1 . 0 
5 . 1 
1 5 . 1 
29 . 1 
41 . 8 
36 . 6 
6 6 . 0 
26 . 2 
12 . 4 
4 . 7 
2 . 0 
76 . 9 




Top s Ratio 
9 . 6 
55 . 9 
75 . 1 
7.7 . 6 
76 . 8 
90 . 4 
47 . 2 
49 . 9 
12 . 6 
6 . 7 
128 . 9 
67 . 9 
1 . 9 
3 . 7 
2 06 
1 . 9 
2 . 1 
1 . 4 
1 . 8 
4 . 0 
2 . 7 
3 . 4 
1 . 7 
1 . 0 
1 
Length of roots was obtained by averap. ing the principa l r oot and the t wo longe st 
l ateral roots , one fr om e a ch si de . 
a 








much better than in 0 . 0200 11 MgSO 4 alone . 
The lateral roots always grew poorer than the principal 
roots in all the nixtures of Ca(NO) with 0 . 0300 M J).;gS04 
3 2 
tested . The rel~tion of principal to lateral roots was the same 
as was observed for wheat seedlings gro,"m in Ca(103 )2 solutions 
alone (figure22 ) . The typical branching of the principal root 
observed in Ca(N0
3
)2 solutions was also observed here when 
stranger concentrations of Ca(N03 )2 were added . 
For tops (figure 40) the smallest concentration 
of CaOW ) (0 . 0005 If) added to 0 , 0300 r.~ r.Igs04 showed a high 3 2 
antagonizing effect . The growth curve rises then at the con-
centration of 0 . 0010 M Ca(N0
3
)i added to 0 . 0300 M MgS0
4 
and 
attains the height of the curve for root growth in Ca(NO",) 
o 2 
alone , and remains there ,following it fairly closely . The curve 
slopes upward until 0 . 0020 M Ca(N0
3
)2 is added; then slopes 
downward gradually with the increasing concentrations of Ca(N0
3
)2 
added until 0 . 0600 1. Ca(N0
3
)2 is added . After this it drops 
down rapidly to the growth value for the llighest addition of 
'Ca(NO) (0 . 1200 M) . 
3 2 
The value of the top/root ratio (figure 49 ) is 
higher in the smallest concentration of Ca(l!0'Z,) (e . 0005 M) 
v 2 
adcled. to 0 . 0300 I>.~ MgSO than it is in 0 . 0300 NT ~l[gSO itself . 
·4 4 
The curve for the ratio then drops down rapidly with the increasi. ng 




) 2 " The graph resembles rather closely the corresponding 
graph (figure 39) for mixtures containing 0 . 0150 r: Mg&04 ' ai?ready 
described . 
TABLE 45 -lZ7-
Length of Principal Roots of '"v'heat Seedlings Grown in Mixtures 
of 0 . 0300 M Magnesium Sulphate and Different Concentrations 
of Calcium Nitrate , each value being expressed as a percentage 
of the corresponding walue for t he Balanced Solution 
Mixture Used 
0 . 0300 111 gSO 
4 
Plus 
0 . 0000 M Ca( NO ) 
3 2 
0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0 . 0300 
0 . 0600 














































Seedlings were kept in solutions 132 hours at a temperature 
of 170 - 200 C. 
T BLE 46 -138-
1 
Length of Lateral Roots of 'viJheat Seedlings Grown in Mixtures of 
0 . 0300 M Magnesium Sulphate and different Concentrations of 
Calcium Nitrate , each value being expressed as a Perc entage of 
the corresponding value for the Balance d Solution 
Mixture Used 
0 . 0300 M MgSO 
4 
Plus 
0 . 0000 M Ca (NO ) 
3 2 
0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0 . 0300 
0 . 0600 
0 . 1200 
Balanced 











































Length of lateral roo t s was obtained by averaging t he two 
longe st lateral roots, one from each side 
a 
Seedlings were kept in solution 132 hours at a temperature 
of 170 - 200 C. 
TABLE 47 -139-
Length of Longest Roots of Wheat Seedlings Grown in Mixtures of 
0 . 0300 M Magnesium Sulphate and Different Concentrations of 
Calcium Nitrate, each value being expressed as a Percentage of 
the Corresponding value for the Balanced Solution 
Mixture Used 
0 . 0300 M MgSO 
4 
Plus 
0 . 0000 1.1 Ca (NO ) 
3 2 
0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0 . 0300 














































Seedlings were kept in solutions 132 hours at a temperature 
of 17 0 - 20e C. 
T_ l3LE 48 -140-
Length of 'rops of Wheat Seedlings Grovm in Mixtures of 0 . 0300 M 
Magnesium Sulphate and Different Concentrations of Calcium 
Nitrate, each value being expressed as A Percentage of the 
Corresponding value for the Balanced Solution 
Mixture Used Average 
0 . 0300 M MgSO 
4 
Plus 
0 . 0000 M Ca( NO } 25 25 25 
3 2 
0 . 0005 41 43 42 
0 . 0010 46 48 47 
0 . 0020 54 56 54 
0 . 0040 51 53 52 
0 . 0075 49 51 50 
0 . 0150 47 49 48 
0 . 0300 45 47 46 
0 . 0600 42 44 43 
0 . 1200 34 33 34 
Balanced 100 100 100 
Distilled Water 57 61 59 
a 
Seedlings were kept in solutions 17-2 hours at a temperature 
of 170 - 200 C. 
- 141-
An idea of the closeness of agreement between the two 
experiments carried on for each tested mixture can be obtained 




Z . Comparison of Results for r,~ixtures Containing 0 . 011';0 M 
l'JfgSO and Different Concentrations of Ca Ow )2 with 
4 . 3 
Results for Mixtures Containing 0 . 0300 M 1..1gS04 and 
Different' Concentrations of Ca( N03 )2 
In comparing the results for root growth i n the 
different mixtures tested , data for · the longest coot will be 
used , because the principal and lateral roots f ollow approximately 
the same curve . The use of the longest root will help to avoid 
repititions and unnecessary complications . The longest root was 
sel,ected because it alvJaYs s howe d the smoothest curve . 
In order to simp lify the following discussion mixtures 
containing 0 . 0150 M MgS04 and different concentrations of Ca (N03
}2 
vr!l::ll be called series 1 , and mixtures contai ning O . O~OO M MgS04 
and different concentrat i ons of Ca (N0
3
)2 will be called series 2 . 
Figure 44 for root growth shows that the curve for 
mixtures for series 2 is slightly sh ifted to the right as 
compared with the ana a gonism curve for series 1 . This could be 
seen still better if both curves were plotted with reference t o 
the same base . The red line in figure 44 , for instance , wou ld 
be moved upwards to coincide with the green line in the same 
figure , and the respective curves would also be shifted in the 
same direction . 
Similar relat ions between the antagonism curves for 
series 2 and for series 1 may be observed also in figure 45 for 
top e;ro·wth . 
Antagonism curves for series 1 and series 2 for root 
growth as well as for top growth, respectively , are practically 

- 146-
the same: they run parallel and have the same optimum points . 
The shifting to the right of the antagonism curve 
for series 2 , as compared wi t h, the same curve for series 1 , 
may easily be explained by the fact that series 2 contains a 
greater concentration of MgSU4 than series 1 (0 . 0300 M MgS04 
in series 2 against 0 . 0150 M MgSO in series 1) which has to be 
4 
antagonized by the different concentrations of Ca(NO) added. 
3 2 
It is to be expected that a greater concentration of Ca (N0
3
)2 
would be needed to antagonize HgSO 4 of O. O~OO M o:oncentration 
than to antagonize MgSO of a 0 . 0150 M concentration . In this 
,4 
way the shift to the right of the antagonism curve for series 
2 is brought about, . 
The comparison of the ~urves for the top/root ratio 
values (figure 46 ) shows that the ratio 'Cu r ve for series 2 starts 
much higher than the corresponding curve for seri~s 1 . It at 
first runs parallel to .the curve for series 1 , until the con-
c entration of 0 . 0020 M of Ca (N0
3
)2 is added to each of the two 
concentrations of MgSO used ; then it starts to fall with respe ct 
4 and 
to the curve for series 1 , reaches the latter when Ca(RO) is 
A 3 2 
added to each of the two concentrations of MgSO used in a 
4 
concentration of 0 . 0150 M. After this the two top/r oot ratio 
curves run the same until the highest concentration of Ca(N0
3
)2 
used (0 . 1200 M) is added to each of the two concentrations of 
J\IgS04 u sed . 
TABLE 49 
Length of Principal Roots of Wheat Seedlings grown 
in Mixtures of 0 . 0150 M Magnesium Sulphate 
and Different Concentrations of 
Monopotassium Phosphate solutions 
Distilled Water 8.2 .7 82 .7 
- 147-
a 
Seedlings were kept in solutions 157 hours at a temperature 
of 17 . 5 ° - 21 . 75° C. 
TABLE 50 
1 
Length of Lateral Roots of Wheat Seedlings Grown in 
-148-
Mixtures of 0 . 0150 M Magnesium sulphate and 
Different Concentrations of Monopotassium Phosphate 
solutions 
Mixture Used Length of Lateral Roots 
1 a 2 a Average 
mm. mm . rnm . 
0 . 0150 M MgS04 
Plus 
0 . 0000 M Kli
2
P04 12 . 8 12 . 4 1206 
0 . 0005 M II 17 . 9 13 . 9 15 . 9 
0 . 0010 II " 16 . 7 16 . 2 16 . 4 
0 . 0020 n " 22 . 1 20 . 9 21 . 5 
0 . 0040 " " 30 . 2 28 . 7 29 . 4 
0 . 0075 " II 42 . 1 42 . 0 42 . 0 
0 . 0150 II II 46 . 1 42 . 7 44 . 4 
0 . 0300 " II 35 . 2 30 . 0 32 . 6 
0 . 0600 It II 13. 3 12 . 4 12 . 8 
Balanced 74 . 7 68 . 9 ' 71 . 8 
Distilled Water 74 . 3 74 . 3 74 . 3 
1 
Length of lateral roots was obtained by averaging t he 
two longest lateral roots, one from each side. 
a Seedlings were kept in solutions 157 hours at a temperature 
of 17 . 50 - 21 . 750 C. 
T BLE hI 
-1"'9-
Length of Longest Root of Wheat Seedlings grown in Mixtures 
of 0 . 0150 M Magnesiu~ Sulph~te and Different Concentrations 
of Monopotassium_ Phosphate solutions 
Mixture Used 
0 .O;:t.50 M MgS04 
Plus 
0 . 0005 11 
0 . 0010 11 
0 . 0020 11 
0 . 0040 11 
0 . 0075 " 
0 . 0150 " 
0 . 0300 " 















16 . 8 
20 . 5 
20 . 0 
25 . 4 
52 . 1 
53 . 5 
40 . 9 
16 . 3 
94 . 8 
83 . 7 




15 . 9 
17 . 0 
19 . 4 
24 . 2 
33 . 7 
49 . 1 
52 . 4 
39 . 3 
15 . 8 
87 . 6 
83 . 7 
Average 
mm . 
16 . 3 
18 . 7 
19 . 7 
24 . 8 
33. 7 
50 . 6 
52 . 9 
40 . 1 
16 . 0 
91 . 2 
83 . 7 
seedlings were kept in solutions 157 hours at a temperature 
T .BT..E "'"2 
-lEO-
Length of Tops of Wheat Seedlings grown in Mixtures of 0 . 0150 M 
Magnesium Sulphate and Different Concentrations of 
Monopotassium Phosphate solutions 
a 
Seedlings were kept in solutions 157 hours at a temperature 
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m;SULT..-:; FOR r IXTUREb OF AAGNES I UH bULPI-iATb 
Al.D _" 01 OPOT 88IUJ' PHO::,PhATE 
1 . Results for rdxture s Containing 0 . 011':0 rI r'agnesium Sulphate 
and Different Concentrations of !lonopotassium Phosphate 
In this series of experiments the concentra~io of 





were added . 0 precipitate was ever observed in any 
of the 1ixtures used . 




(0 . 0005 rand 
0 . 0010 r added to 0 . 01[0 I' rll~00 showed a slight increase in 
" 4 
t he grolivth of l 'OOts as co npared with the grO\vth in 0 •• 01f'0 N Mg80
4 
alone (figure 47) . Addition of greate r concentrations of 
1ill PO sho·Jed a gradual increasing in the growth of roots . 
2 4 




was added to 0 . 01[0 
MgS04 , 
the growth of the roots "was the sane as in a solution 
of 0 . 0071'; 11 KH PO alone (figure 55) . The optimum growth was 
2 4 
reached in a mixture containing 0 . 0150 M KH PO and 0 . 0150 r 
2 4 
iDgSO • But even in thi s g) lution the root growth was much lower 
4 
than in disti lled water or the bala~ced solution . With pro-




added to 0 . 01h.0 II 
I.Tg80 4 the root growth gradually dimini shed . Jhen the highe st 
concentration of KH PO was added (0 . 0600 r" ), the root grovlth 
2 4 
was the same as in 0 . 0150 I ~-gSO 4 alone . 
Table 53 
Ratio of Length of Tops to Length of Rootsa (Top/Root Ratio) of Wheat Seedlings Grown in 
Mixtures Containing 0 . 0150 M Magnesium Sulphate and Different Concentrations of Mono-








P04 , M 
0 . 0000 
0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0 . 0300 







13 . 5 
17 02 
16 . 6 
21 . 2 
28 . 6 
39 0 9 
43 . 2 
30 . 2 
13 . 3 
80 . 1 




46 . 9 
73 . 8 
89 co 8 
102 . 4 
114 . 9 
128 . 0 
124 ~ 0 
120;9 
87.9 
177 . 3 




3 . 5 
4 . 3 
5 . 4 
4 . 8 
4 . 0 
3 . 2 
2 0 9 
4 0 0 
6 0 6 





13 . 0 
14 . 6 
16 . 2 
20 . 3 
27 . 3 
38 . 5 
39 . 9 
28 . 2 
12 . 8 
69 . 7 




43 . 4 
60 . 6 
81 . 0 
95 . 9 
113 . 8 
122 . 2 
120 . 2 
112 . 6 
61 . 7 
176 . 4 





3 . 3 
4 . 2 
5 . 0 
4 . 7 
4.2 
3 . 2 
3 . 0 
4 . 0 
4 . 8 
2.5 
1 . 0 
13 . 2 
15 . 9 
16 . 4 
20 . 7 
27 . 9 
39.2 
41 . 5 
29 . 2 
13 . 0 
74 . 9 
77 . 1 
Average 
Length Tops / 
of Roots 
Tops Ratio 
45 . 1 
67 . 2 
85 . 4 
99 . 1 
114 . 3 
125.1 
122 . 1 
116 . 7 
74 . 8 
176 . 8 
79 . 4 
3 . 4 
4 . 2 
5 . 2 
4 08 
4 . 1 
3 . 2 
2 . 9 
4 . 0 
5 . 8 
2 . 4 
1 . 0 
aLength of roots was obtained by taking the average of the principal root and the two 
longest laterals, one from each side . 









The lateral roots always grew better than the principal 
roots in all mixtures of KH PO and 0 . 0150 ]~ MgS04 tested 2 4 
(fi gure 48 and 49) . The relation of lateral roots to pr incipal 
roots was therefore similar to that found for wheat seedlings 
grown in MgS04 solutions, or in the h igher concentrations of 
KH PO (figure 1 and 11) . 
2 4 





(0 . 0005 M) added to 0 . 0150 rlf MgS0
4 
showed a very 
pronounced antagonizing effect . This may be seen by comparing 
t h e growth in thi s mixture wi th the growth in O. 0150 ~1 MgSO 4 
alone . The growth of tops in mixtures of 0 . 0150 M MgS0
4 
and 




tested is in general much 
higher than growth of tops in distilled water, but it is 
considerably lower than in the balanced solution . The curve 





added . The optimum growth is reache d at the concentration 
of 0 . 0075 r1 KH2P04 added t o 0 . 0150 M MgS04
• After t h is the 





is added, and then the downward slope becomes steeper 




added is reached 
(0 . 0600 M) . In this mixture the growth of tops is still much 
higher than the corresponding growth in 0.0150 r' MgS0
4 
alone . 
The value of t he top/root ratio (figure ~O) is 
higher in the solution containing t he lowest addition of 
ICR2PO 4 (0 . 0005 11[ ) to 0 . 0150 M MgSO 4 than it is in the solution 
of 0 . 0150 r EgS0
4 
alone . The value of this ratio rises until the 
.. TABLE 54 
-158-
Length of Principal Roots of Wheat Seedlings Grown in 1lixtures 
Containing 0 . 0150 M Magnesium Sulphate and Different Con-
centrations of Monopotassium Phosphate , each length value 
being expressed as a Percentage of the Corresponding value 
for the Balanced Solution 
Mixture Used 
0 . 0150 M MgS0
4 
Plus · 
0 . 0000 M KH2 P04 
0 . 0005 \I II 
0 . 0010 II II 
0 . 0020 II II 
0 . 0040 II II 
0 . 0075 II II 
0 . 0150 II \I 
0 . 0300 II II 










































Seedlings we r e k ept in s olutions 157 hours at a temperature 




Length of Lateral Roots of Wheat Seedlings Grown in Mixtures 
Containing 0 . 0150 M Magnesium Sulphate and Different Con-
centrations of Monopotassium Phosphate , each length value 
being expressed as a Percnetage of the Corresponding value 
for the Balanced Solution 
a a 
Mixture Used 1 2 Average 
0 . 0150 M MgS04 
Plus 




17 18 18 
0 . 0005 .. .. 24 20 22 
0 . 0010 .. 11 22 24 23 
0 . 0020 11 II 30 30 30 
0 . 0040 II 11 40 42 41 
0 . 0075 .. .. 56 61 59 
0 . 0150 11 11 62 62 62 
0 . 0300 11 .. 47 44 45 
0 . 0600 II II 18 18 18 
Balanced 100 100 100 
Distilled Water 100 108 104 
1 
Length of lateral roots was obtained by averaging the 
two longest lateral roots, one from each side . 
a 
Seedlings were kept in solutions 157 hours at a temperature 
of l7 . ~0. - 21 . 750 C. 
T.hBLE 56 - 160-
Length of Longest Roots of Wheat Seedlings Grown in Mixtures 
Containing 0.0150 M Magnesium Sulphate and Different Con-
centrations of Monopotassium Phosphate, each length value 
being expressed as a Percentage of the Corresponding value 
for the Balanced Solution 
a a 
Mixture Used 1 2 Average 
0.0150 M MgS04 
Plus 
0.0000 M KH PO 18 18 18 
2 4 
0.0005 ' 11 " 22 19 21 
0.0010 " " 21 22 22 
0.0020 " 11 27 28 27 
0.0040 " " 36 38 37 
0.0075 1I " 55 56 55 
0.0150 " \I 56 60 58 
0.0300 " " 43 45 44 
0.0600 11 \I 17 18 18 
Balanced 100 100 100 
Dis t illed Water 88 96 92 
a 
Seedlings were kept in solutions 157 hou rs at a temperature 
of 17.5° - 21 . 75° o. 
TABLE 57 
Leng~h of Tops of Wheat Seedlings Grown in Mixtures Containing 
0 . 0150 M Magnesium Sulphate and Different Concentrations of 
Monopotassium Phosphate; each length value being expressed 
as a Percentage of the Corresponding value for the Balanced 
Solution 
a a 
Mixture Used 1 2 Average 
0 . 0150 M MgS0
4 
Plus 
0 . 0000 M KH2 P04 26 25 26 
0 . 0005 II II 42 34 38 
0 . 0010 11 II 51 46 48 
0 . 0020 " II 58 54 56 
0 . 0040 " II 65 65 65 
0 . 0075 II " 72 69 71 
0 . 0150 " II 70 68 69 
0 . 0300 " " 68 64 66 
0 . 0600 II , II 50 35 42 
Balanced 100 100 100 
Distilled Water 45 45 45 
a 
Seedlings were kept in solutions 157 hours at a temperature 
of lU . 5° - 21 . 75° C. 
- 162-
concentration 0 . 0010 M KH
2
P04 is added . After this it descends 
with the increasing addition of KH PO until the concentration 
2 4 
of 0 . 0150 M • Then the curve rises again with the increasing 
concentrations of KH2P04 added until the highest addition 
of KH PO (0 . 0600 M) is reached . 
2 4 
An idea of the closeness of the agreement between 
the two experiments carried out for each one of the tested 
mixtures may be obtained by examining tables 54 , 55 , 56, and 57 , 
and figures 48", 49 " and 50 . 
TABLE 58 . -163-
Length of Principal Roots of Vllieat Seedlings Grown in Mixtures 
of 0 . 0300 M Magnesium Sulphate and Different Concentrations of 
Mono~otassium Phospha t e 
a 
Seedlings were kept in solutions 120 hours at a temperature 
of 15 . 5° - 21 . 5° C. 
TABLE 59 -164-
1 
Length of Lateral Roots of Wheat Seedlings Grown in Mixtures of 
0 . 0300 M Magnesium Sulphate and Different Concentrations of 
Monopotassium Phosphate 
Mixture Used 
0 . 0300 M MgSO 
4 
Plus 
0 . 0000 M KH PO 
2 4 
0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0 . 0300 







10 . 1 
12 . 2 
13 . 1 
13 . 1 
19 . 7 
27 . 3 
43 . 4 
32 . 6 
12 . 6 
78 . 1 




9 . 6 
10 . 5 
12 . 6 
13 . 1 
17 . 1 
26 . 6 
35 . 7 
27 . 5 
12 . 0 
76 . 9 
84 . 1 
Average 
mID . 
9 . 8 
11 . 3 
12 . 8 
13 . 1 
18 . 4 
26 . 9 
39 . 5 
30 . 0 
12 . 3 
77 . 5 
84 . 1 
Length of lateral roots was obtained by averaging the two 
longest lateral roots , one from each side . 
a 
Seedlings 'were kept in solutions 120 hours at a temperature 
TABLE 60 -.165-
Length of Longest Roo"ts of 'lJheat Seedlings Grown in Mixtures of 
0 . 0300 M Magne slUID Sulphate and Different Concentrations of 
Monopotas s ium Phosphate 
a a 
Mixture Used 1 2 Average 
rnm . rnm . nun . 
0 . 0300 M MgSO 
4 
Plus 
0 . 0000 M 1m PO 14 . 4 14 . 2 14 . 3 
2 4 
0 . 0005 15 . 8 14 . 3 15 . 0 
0 . 0010 16 . 8 15 . 8 16 . 3 
0 . 0020 17 . 0 16 . 7 16 . 8 
0 . 0040 23 . 7 22 . 4 23 . 0 
0 . 0075 31 . 4 30 . 5 30 . 9 
0 . 0150 49 . 6 43 . 8 46 . 7 
0 . 0300 39 . 2 34 . 4 36 . 8 
0 . 0600 15 .; 4 15 . 0 15,.2 
Balanced 84 . 3 82 . 3 83 . 3 
Distilled Wate r 93 . 6 93 . 6 93 . 6 
a 
Seedlings were kept in sol • .l.tions 120 hours at a temperature 
TABLE 61 - -166-
Length of Tops of ift.'heat Seedlings Grown in Mixtures of 0 . 0300 M 
Ma gnesium Sulphate and Different Concentrations of Mono -
potassium Phosph ate 
a a 
Mixture Used 1 2 Average 
mm . mm . mm . 
0 . 0300 M MgSO 
4 
Plus 
0 . 0000 M KH PO 36 . 9 33 . 1 35 . 0 
2 4 
0 . 0005 47 . 3 38 . 6 42 . 9 
0 . 0010 50 . 9 50 . 0 50 . 4 
0 . 0020 61 . 0 57 . 3 59 . 1 
0 . 0040 69 . 4 69 . 0 69 . 2 
0 . 0075 72 . 5 67 . 5 70 . 0 
0. 0150 79 . 2 78 . 2 78 . 7 
0 . 0300 75 . 7 75 . 3 75 . 5 
0 . 0600 61 . 7 57 . 8 59 . 7 
Balanced 121 . 6 118 . 6 120 . 1 
Distilled Water 73 . 4 73 . 4 73 . 4 
a 
Seedling s we re kept in solutions 120 hours at a temper ature 
H-
.:j::, H-








































































In this series of experiments the concentration of 
MgSO was kept constant at 0. 0300 M, and different concentrations 
4 
of KH PO were adde d . No precipitate was observed in any o f 
2 4 
the mixtures used . 




added (0 . 0005 M, 
0 . 0010 M, and 0. 0020 M) there was a slight increase in the 
growth of roots as compared with the growth in 0 . 0300 M II,g,::,04 
alone (figure 51) . Addition of higher concentracions of KH2P04 
showed a gradual increase in the growth of root s . 'JIlhen an 
approximate concentration of 0 . 0125 KH
2
PO 4 was added to 0 . 0300 ]to 
r~gSO the growth of the root s was the same as in a solution 
4 
of approximately 0 . 0125 Ii KI-I PO alone . The curve continues 
2 4 
t o rise and optimum growth was reached in a mixture containing 
0 . 0150 H KH PO and 0 . 0300 M ~'gSO • Even in this solution, 
2 4 4 
however , the root groYlth was much lovler th2..n in distilled water 





added to 0 . 0300 "'1 ] gSO , the root growth gradually became less . 
4 
In the highest concentration 




Po4 added (5. 0600 
in 0 . 0300 :' HgSO alo'1.e . 
4 
~f) , the 
The lateral roots grew poorer than the principal roots 





~oocent11ation range of from 0 . 0005 I to approximately 0 . 0040 " . 




than 0 . 0040 ~_ , the lateral 
• "'ABI ·E 62 
1 
Ratio of Length of Tops to Length of Roots (Top/Root Hatio) of "Jhea t Seedlings Grovm in 
Mixtures Containing 0 . 0300 M I'llagnesium Sulphate and Different Concentrations of 
Monopotassium Phosphate 
Mixture Used 
0 . 0300 M MgSO 
Plus 4 
0 . 0000 M Kh PO 
2 4 
0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
O. OlEO 
0 . 0300 








11 . 0 
13 . 2 
13 . 8 
14 . 4 
20 . 4 
26 . 0 
41 . 4 
29 . 2 
12 . 7 
79 . 7 
86 . 9 
36 . 9 
47 . 3 
50 . 9 
61 . 0 
69 . 4 
72 . 5 
79 . 2 
75 . 7 
61 . 7 
121 . 6 
73 . 4 
a 
2 
Top/Root Length Length Top/Root 
of of 
Ratio Roots Tops Ratio 
3 . 4 
3 . 6 
3 . 7 
4 . 2 
3 . 4 
2 . 8 
1 . 9 
2 . 6 
4 . 9 
1 . 5 
0 . 9 
11 . 0 
11 . 5 
13 . 3 
13 . 9 
18 . 3 
24 . 6 
33 . 2 
25 . 8 
12 . 3 
78 . 1 
86 . 9 
33 . 1 
38 . 6 
50 . 0 
57 . 3 
69 . 0 
67 . 5 
78 . 2 
75 . 3 
57 . 8 
118 . 6 
73 . 4 
3 . 0 
3 . 4 
3 . 8 
4 . 1 
3 . 8 
2 . 7 
2 . 4 
2 . 9 
4 . 7 
1 . 5 




11 . 0 
12 . 3 
13 . 5 
14 . 1 
19 . 3 
25 . 6 
37 . 3 
27 . 5 
12 . 5 
78 . 9 





35 . 0 
42 . 9 
50 . 4 
59 . 1 
69 . 2 
70 . 0 
78 . 7 
75 . 5 
59 . 7 
120 . 1 
73 . 4 
3 . 2 
3 05 
3 . 7 
4 . 2 
3 . 6 
2 . 7 
2 . 1 
2 . 7 
4 . 8 
1 . 5 
0 . 8 
1 Length of roots was obtaine d by averaging the principal root and the two longest 
lateral roots, one from each side . 
a 








roots grew better than the principal voots (figures 51 , 52 , 
and 53) . It is interesting to contrast thi s with the change 
in the relation between principal and lateral roots which 





(fi gures 11, 12, l:=: , 14, and 15) . The relation ' changes there 
in the sane way as here , but the pOint of change lies at an 
approximate concentration of 0 . 0150 M. 
For tops (figure 51 ) the lowest concentration of 
KH2P04 (0 . 0005 M) added to 0 . 0300 1\1 ~CgS04 showed a considerable 
antagonizing effect , since the growth in the mixture was better 
than in 0 . 0300 M ~1gS0 4 alone . The curve for the growth of tops 
slopes upward with increasing additions of 1m PO • The optimum 
2 4 
growth was obtained in a solution containing 0 . 0150 M KH PO 
2 4 
and 0 . 0300 ~~ M8S04 ; in this mixture the growth of tops was 
approximately as good as in distilled water . Then the curve 




is c added, after which the downward slope of the curve beco.mes 
steeper until highest addition of KH2P04 is reached (0 . 0600 £,1) . 
At this point the growth of tops was still very much higher. 
than it was in 0 . 0300 M MgSO alone . 
4 
The value for the' top/root ratio was the same in the 
solution containing the smallest addition of KH2P04 (0 . 0005 M) 
as in 0 . 0300 rJl MgS0
4 
alone (Figure 54) . The ~,atio value then 
increased until the concentration 0 . 0020 ~,~ of KH2P04 was added . 
Then the value dimini shed with the incl"'easing additions of KH2P04 
until the concentration of O. OlEO 11 was added . Finally , the 
TABLE 6 -17~-
Length of Principal Roots of 'Nheat Seedlings Grown ih Mixtures 
of 0 . 0300 M Magnesium Sulphate and Different Concentrations of 
Monopotassium Phosphate , each value being expressed as a 
Percentage of the Corresponding value for tne Balanced Solution 
Mixture Used 
0 . 0300 M MgSO 
4 
Plus 
0 . 0000 M KH PO 
2 4 .. 
0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0 . 0300 














































Length of Lateral Roots of Wheat Seadltngs Grown in Mixtures of 
0 . 0300 M Magnesium Sulphate and Different Concentrations of 
Monopotassium Phosphate , each value "bein'g expressed as a 
Percentage of the Corresponding value for the Balanced Solution 
Mixture Used 
0 . 0300 M MgSO 
4 
Plus 
0 . 0000 M KH PO 
2 4 
0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0 . 0300 










































Length of Latera l roots was obtained by averaging the two 
longest lateral roots , one from each side . 
a 
Seedlings were kept in solutions 120 hours at a te~erature 
.. 
TABLE 65 - 17b-
Length of Longest Roots of Wheat Seedling s Grown in Mixtures of 
0 . 0300 M Magnesium Sulphate and Different Concen~rations of 
Monopotassium Phosphate , each va l ue being expressed as a 
Percentage of t he Corresponding value for t he Balanced Solution 
a a 
Mixture Used 1 2 Average 
0 . 0300 M MgSO 
4 
Plus 
0 . 0000 M KH PO 17 17 17 
2 4 
0 . 0005 19 17 18 
0 . 0010 20 19 20 
0 . 0020 20 20 20 
0 . 0040 28 27 28 
0 . 0075 37 37 37 
0 . 0150 59 53 56 
0 . 0300 47 42 44 
0 . 0600 18 18 18 
Balanced 100 100 100 
Dis ti ll"e d Water III 114 112 
a Seedlin ,s ,rere '~ept in solutions 120 hours at a 
te~perature of IS . 5° - 21 . Eo C. 
TABLE 6 6 -177-
Length of Tops of Wl1.eat Seedlings Grown in Mixtures ~ of 6. 0300 M 
Magnesium Sulphate and Different Concentrations of Monopotassium 
Phosphate , each value being expressed as a Percentage of the 
Corresponding value for the Balanced Solution 
Mixture Used 
0 . 0300 M MgSO 
4 
Plus 
0 . 0000 M KH PO 
2 4 
0 . 0005 
0 . 0010 
0 . 0020 
0 0 0040 
0 . 0075 
0 . 0150 1 
0 . 0300 










































Seedlings were kept in solutions 120 hours at a temperature 
-178-
ratio increased with increase in the concentration of ~~P04 . 
The rise or fall of the curve for top/root ratio shows tne 
relative growth of tops in ter'ns of that for roots in the 
corresponding solutions . 
An idea of the closeness of agreenlent between the 
two experiments carried out for each tested mixture can be 
obtained by examining tables 6c , 64,65, and 66, and figures 52 
and 53 . 
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3 . Comparison of Results for l"ixtures Containing 0 . 0150 T~ 
igS04 and Different Concentrations of KH2P04 
with 
Results for JIixtures Containing 0 . 0300 M ~'gSO 
4 




During the follov.,ring discussion mixtures containing 
0 . 0150 I1 MgSO and different concentrations of KH2P04 
will be 
4 
called Series 1 , mixtures containing 0 . 0300 ' ~ .gS04 and 
different concentrations of KH
2
PO will be called series 2 . 4 . 
Figures 55 and 56 for root and top growth , respectively, 
whow that the anta~onism curve for series 2 is practically the 
same as the antagonism curve foI' series 1 . The curve for series 
2 runs parallel to that far series 1 and has the same optimum. 
If the curve for series 1 were shifted to tho ri ~t it would 
practically mincide with that for series 2 . 
The antagonism curves foI' top/root ratio values for 
series 1 and seI'ies 2 run paI'allel to each other . The CUI've 
for series 1 is somewhat higher than that for- series 2 . 
It is also interesting to note that the antagonisM 
curves for the top/root ratio values for series 1 and series 
2 run parallel to the curve of top/ root ratio values for 
solutions containing IGi
2
P04 alone . This suggests again the 
importance of KH PO in promoting top grovvth and determining 
2 4 
i ts ratio to root growth . 
TABLE 67 
- 18""-
Length of Principal Roots of Wheat Seedlings grovffi in 
Mixtures containing 0 . 0500 M MonopotassiuIn Phosphate 
and Different Concentrations of Calcium Nltrate solutions 
Length of Principal Roots 
Mi xture Used 
a a 
1 2 Average 
mm. mm. mm. 
0. 0500 M KH2P04 
Plus 
O. OOOOM Ca(N03 )2 13 . 1 10. 7 11 . 9 
0 . 0005 M 1f 05 . 6 b3 . 5 b4 . 5 
0 . 0010 II II 72 . 7 70 . 3 71 . 5 
0 . 0020 II 11 77 . 2 74 . 3 75 . 7 
0 . 0040 It 11 81 . 0 77 . 0 79 . 0 
0 . 0075 II " 87 . 2 82 . 4 84 . 8 
0 . 0150 It It 91 . 6 88 . 8 90 . 2 
0 . 0300 It It 77 . 3 74 . 8 76 . 0 
0 . 0600 " " 32 . 4 29 . 6 31 . 0 
0 . 1200 It It 10 0 1 8 . 0 9 . 0 
Balanced 80 . 7 75 . 4 78 . 0 
Distilled Water 85 . 4 85 . 4 85 . 4 
a 
Seedlings were kept in solutions 114 hours a t a temperatu] 
of 16° - 20 . 75° C. 
Table G8 
1 - 184-
Length of Lateral Roots of Wheat Seedl i ngs grown in 
Mixtures Containing 0 . 0500 M Monopotassium Phosphate 
and Different Concentrations of Calcium -Nitrate solutio~ 
Length of Lateral Roots 
Mi xture Used 
0 . 0500 M KH~P04 
Plus 
0 . 0005 M " 
0 . 0010 " 11 
0 . 0020 11 11 
0 . 0040 " " 
0 . 0075 II 11 
0 . 0150 11 11 
0 . 0300 11 " 
0 . 0600 " II 







1 3 . 9 
61 . 6 
68 .1 
09 . 1 
75 .2 
79 .1 
82 . 0 
58 . 2 
14 . 5 
5 . 3 
80 . S 




13 . 4 
58 . 1 
b6 . 6 
08 . 8 
74 . 1 
78 . 1 
80 . 9 
51 . 7 
12 . 6 
4 . 5 
80. 5 
Sl . 9 
Average 
rom . 
13 . 6 
59 . 8 
b7 . 3 
b8 . 9 
74 . 6 
78 . 6 
81 . 4 
54 . 9 
13 . 5 
4 . 9 
SO. 6 
81 . 9 
Length of lateral roots was obtained by averagi n g t he 
two longest lateral roots l one from each side ~ 
a 
Seedlings were kept in solutions 114 hours at a temperature 
· ..... 
TABLE 69 - 185-
Length of Longest Root of Wheat Seedlings grown in 
~ixtures of 0 . 0500 M r.1onopotassium Phosphate 
and Different Concentrations of Calcium Nitrate 
solutions 
Mixture Used Length of Longest Root 
a a 
1 2 Average 
rnm. mm . rnm . 
0 . 0500 M KH2 P04 
Plus 
0 . 0000 M Ca( N0
3
)8 17 . 4 16 . 0 16 . 7 
0 . 0005 M II b7 . 0 64 . 3 05 . 6 
0 . 0010 11 It 73 . 6 72 . 3 72 . 9 
0 . 0020 II II 78 . 1 75 . 6 76 . 8 
0 . 0040 II It 81 . 2 79 . 5 8 0 . 3 
0 . 0075 " II 87 . 4 84 . 2 85 . 8 
0 . 0150 \I II 94 . 7 89 . 7 92 . 2 
0 . 0300 II II 81 . 1 77 . 4 79.2 
0 . 0600 11 11 32 . 4 29 . 7 31 . 0 
0 . 1200 n " 10 . 2 8 . 4 9 . 3 
Balanced 86 . 0 86 . 0 86 . 0 
Distilled 'Vater 88 . 6 88 . 6 88 . 6 
a 
Seedlings were kept in solutions 114 hours at a temperature 
of 160 - 20 . 75° C. 
TABI8 70 
Length of Tops of '/Jheat Seedlings grm'ffi in Mixtures 
of 0 . 0500 M ~LOnopotassium Phosphate and Different 
-186-
Concentrations of Calc'ium Nitrate solutions 
Length of Tops 
Mixture Used 
a a 
1 2 Average 
mm . mm . mm . 
0 . 0500 M KH2P04 
Plus 
0 . 0000 M Ca( N03 )2 70 . 3 68 . 1 69 . 2 
0 . 0005 11 11 110 . 4 110 . 0 110 . 2 
0 . 0010 I' " 112 . 9 111 . 8 112 . 3 
0 . 0020 " II 114 . 0 110 . 8 112 . 4 
0 . 0040 11 " 109 . 3 108 . 7 109 . 0 
0 . 0075 1 II 116 . 0 112 . 6 114 . 3 
0 . 0150 11 11 112 . 6 109 . 9 111 . 2 
0 . 0300 n 11 108 . 0 98 . 0 103 . 0 
0 . 0600 11 II 76 . 7 75 . 3 . 76 . 0 
0 . 1200 It 11 41 . 0 25 . 5 33 . 2 
Balanced 121 . 2 115 . 5 118 . 3 
Distilled Vvater 74 . 6 74 . 6 74 . 6 
a 
Seedlings were kept in solutions 114 hours at a temperature 
. 16° - 20 .75° C • 
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RESUL'l'S FOR ~HXTUhES OF I 0l.OPOT1~.j .. nUI - 190-
PHO~PHArl'B AHD C LCIm,: rGT1I.A'rE 





Concentrations of Ca(NO ) 
3 2 
Osterhout (1909) and r:cCool (1913 ) showed the 
existence of antagonism between CaCl and KC1 , but none of the 
p:revious 'ilOrkers has mown antagonis I existing between YJI2 P04 and 
Ca (1;0. ) , which have a special importance because of their use 
3 2 
in nutritive solutions for higher plants . In this series of 
experi 'TIent s the cODcentra tion of KH
2
PO 4 was kept constant at 
0 . 0500 H and different concentrations of Ca (lWe )2 were added . 
No precipitate was ever observed in any of the mixtures used . 
The smallest addition of Ca(~03 ) 2 (0 . 0005 fu ) to 
O. 0500 r\~ KH
2
PO 4 showed an extremely pronounced an tagoniso , as 
seen from the much greater root growth in this -nixture as compared 




alone (fi r;ure E8) . 
Addition of Greater conce"1tra:"ions of CaO 03 )2 sllowed a e;radua l 
increase in the 1l'owth of roots . \ilien a concentration of 0 . 0010 t 
ViaS added to 0 . 0500 :~ KH2P04
, the ro.7th of the roots was the 
same as in a solution of 0 , 0010 r Ca(lTO) alone (fi gure 22). 
32 -
TIle op-:imur1 g;rolJlJth vas reacred i11 a rnixtul'e containing 0 . 0150 :': 
root 
oaO:0 3 )2 and O . O,~OO . IJJ2
P04 , in -.vhic'1 tho~ growl;h ViaS as high 
as the root Gro\ft:~ in c1 istilled \"later or balanced solution . 










)2 was added (0 . 1200 M) . In this mixture the root growth 





The lateral roots always grew poorer than the principal 
roots in all mixtures of Ca(NO) with 0 . 0500 M KH PO tested 
3 2 2 4 
(figure 58, 59, and 60) . The relation was the smae as that observed 
in wheat seedlings grown in calcium nitrate solutions (figure2 Z) . 
For tops (figure 58) the smallest additi on of Ca( N03 )2 
(0 . 0005 M) to 6. 0500 M KH PO showed a considerable amount of 
2 4 
antagonizing effect . This may be seen by comparing growth of 
tops in the mixtu~e with the growth in 0 . 0500 M I(H PO alone . 
· 24 
The growth of tops in the mixtures composed of 0 . 0500 M KH PO 
2 4 
and different concentrations of Ca (NO) is a,s high as in the 
3 2 . 
balanced solution;, except in the mixtures containing very high 
concentrations of Ca(NO ) • When the mixture contained from 
3 2 
0 . 0300 M to 0 . 1200 M Ca(NO) the growth was lower than in the 
3 2 
balanced solutionl 
The curve for top growth in the mixtures of Ca( NO ) 
3 2 
with 0 . 0500 M KH PO follows very closely the curve for top 
2 4 
growth in the KH PO solutions . Thus the curve for the growth 
2 4 
of tops rises slightly with increasing concentrations of KH PO 
2 4 
up to the optimum growth , which was obtained when the concentration 
of 0 . 0075 M Ca(NO ) was added to 0 . 0500 M KH PO • A slight 
32 · 24 
drop occurs in this curve when 0 . 0040 M Ca(N0
3
)2 was added; a 
similar drop occurs at the same concentration of KH2P04 
alone. 
After the optimum (at 0 . 0075 M Ca(NO ) )the curve falls more 
3 2 
and more rapidly with the increasing amounts of Ca(N0
3
)2 added . 
Table 71 ' 
Ratio of Length 0f TOPs · ~o - Length of R00tsa (TOP/Root Ratio ) of \Vheat Seedlings Grown in 
Mixtures Containing 0 . 0500M Monopotassium Phosphate and Diff erent Concentrations of 


























63 0 0 
69 0 6 
71.8, 
771.1 
81 . 1 
85 .2 













109 . 3 





121 . 2 




5 . 1 
1.8 
1 . 6 
1 . 6 
1 . 4 
1 . 4 
1.3 
1.7 
3 . 9 
5 . 9 
1.5 
0 . 9 
12.5 
59 . 9 
67 . 9 
70.6 
75.1 
80 . 2 
83 . 5 
59 . 4 
19.2 
5 . 6 
79.0 
83.1 










109 . 9 
98 . 0 
75 . 3 
25 . 5 
115.5 




5 . 4 
1 . 8 
1.6 
1 . 6 
1.4 
1 . 4 
1 . 3 
1.7 
3 . 9 
4 . 6 
1 . 5 
0 . 9 
Roots 
13.1 




80 . 6 
84 . 3 
62 . 0 
19.3 
6 .2 
79 . 8 
83 . 1 
Length Tops/Roots 
of 
Tops Rat io 
69 . 2 
110 . 2 
112.3 
112 . 4 
109.0 
114.3 
111 . 2 




74 . 6 
5 . 3 
1 . 8 
1 . 6 
1 . 6 
1 . 4 
1 . 4 
1.3 
1.7 
3 . 9 
5 . 4 
1.5 
0 . 9 
aLength of roots was obtained by taking the average of the principal root and the 
" two longest laterals, one from each side . 
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TABI~ 72 - 194-
Length of Principal Roots of Wheat Seedlings Grown in Mixtures 
Containing 0.0500 M Monopotassium Phosphate and Different 
Concentrations of Calcium Nitrate , each length value being 
expressed as a Percentage of the Corresponding value for 
the Balanced Solution 
a a 
Mixture Used 1 2 Average 
0 . 0500 M KH2P04 
Plus 
. 
0 . 0000 M Ca (N03 )2 
16 14 15 
0 . 0005 11 11 81 84 83 
0 . 0010 11 " 90 93 92 
0 . 0020 11 11 96 99 97 
0 . 0040 " 1\ 1 00 102 101 
0.0075 " 11 108 109 109 
0 . 0150 11 " 113 118 116 
0 . 0300 11 " 96 99 97 
0 . 0600 " II 40 39 40 
0 . 1200 11 11 13 11 12 
Balanced 100 100 100 
Distilled Water 106 113 110 
a 
See d lings were kept in solutions 114 hou rs at a temperature 
of 16 0 - 20 . 75 0 C. 
TABU;, 7 ';' 
-195-
1 
Length of Lateral Roots of IA/heat Seedlings Grovm in M"ixtures 
Containing 0 . 0500 M Monopotassium Phosphate and Different 
Concentrations of Calcium Nitrate , each length' value being 
expressed as a Percentage of the Corresponding value for 
the Balanced Solution 
a a 
Mixture Used 1 2 Average 
0. 0500 M KH2P04 
Plus 
0 . 0000 M Ca(N03 )2 
17 17 17 
0 . 0005 II • " 76 72 74 
0 . 0010 " II 84 83 84 
0 . 0020 II " 86 85 86 
0 . 0040 II II 93 92 93 
0 . 0075 11 II 98 97 98 
0 . 0150 II II 101 101 101 
0 . 0300 II II 72 64 68 
0 . 0600 " II 18 16 17 
0 . 1200 II " 7 6 6 
Balanced 100 100 100 
Distilled 'Vater 101 102 102 
1 
Length of lateral roots was obtained by averaging the 
two longest lateral roots, one from each side . 
a 
Seedlings were kept in solutions 114 hours at a temperature 
of 16° - 20 . 75° C. 
T 74 - 196-
Length of Longest Roots of 'Vheat Seedlings Grown in Mixtures 
Containing 0 . 0500 M Monopotassium Sulphate and Different 
Concentrations of Calcium Nitrate, each length value being 
expressed as a Percentage of the Corresponding value for 
the Balanced Solution 
a a 
Mixture . Used 1 2 Average 
0 . 0500 M KH2 P04 
Plus 
0 . 0000 M Ca(N03 )2 20 19 19 
0 . 0005 II II 78 75 76 
0 . 0010 II " 86 84 85 
0 . 0020 " " 91 88 89 
0 . 0040 " " 94 92 93 
0 . 0075 " II 102 98 100 
0 . 0150 II II 110 104 107 
0 . 0300 " " 94 90 92 
0 . 0600 II " 38 35 36 
0 . 1200 " " 12 10 11 
Balanced 100 100 100 
Distilled Water 103 103 103 
a 
Seedlings were kept in solutions 114 hours at a temperature 
of 16° - 20 . 75° C. 
- 197-
~ABLE 75 
Length of TOp's of Wheat Seedlings Grown in Mixtures Containing 
0 . 0500 "M Monopotassium Phosphate and Different Conc entrations 
of Calcium Ni:brate , each length value being expressed as a 
Percentage of the Corresponding valu e for t he Balan ced Solution 
a a 






0 . 0000 TIll Ca.( NO ) 
3 2 
58 59 59 
0 . 0005 11 11 91 95 93 
0 . 0010 11 " 9~ 97 95 
0. 0020 " " 94 96 95 
0 . 0040 " 11 90 94 92 
0. 0075 " II 96 98 97 
0 . 0150 " " 93 95 94 
0 . 0300 " 11 89 85 87 
0 . 0600 " II 63 65 64 
0 . 1200 II " 34 22 28 
Balanced 100 100 100 
Distille d Water 62 65 63 
a 
Seedlings were kept i n solutions 114 hours at a temperature 
of 16° - 20 . 75° C. 
-198-
With the hi ghest addition of Ca(NO) (0 . 1200 M) the growth Ibf 
- 3 2 
tops 'was still much better than in 0 . 0500 1\1 KH PO alone . 
2 4 
The value for the top/root ratio (figure 61) was much 
S .a l lest 
lower in the mixture containing the addition of Ca( NO) to 
3 2 
0 . 0500 M KH PO than it was in 0 . 0500 M KH PO alone . The curve 
2 4 2 4 
than descends very slowly indeed until concentration 0 . 0150 M 
o f Ca (NO ) was added , after which the curve rises steeply with 
3 2 
t h e increasing additions of Ca( NO ) , until the highest con-
. 3 2 
centration of Ca (NO ) is added (0 . 1200 M). 
3 2 
An idea of the closeness of the a greement between t h e 
two experiments carried out for each one of t he tested mixtures 
may be obtained by examining tables 72, 73 , 74 , and 75 , and 
figures 59 and 6 0 . 
TABLE 76 -199-
Length of Principal Roots of Vfueat Seedlings Grown in Mixture s 
Containing 0 . 1000 M Monopotassium Phosphate and Different 
Concentrations of Calcium Nit rate 
a a 
Mixture Used 1 2 Average 
mm . mm o l11l'I1 . 
0 . 1000 11 KH PO 
2 4 
Plus 
0 . 0000 M Ca (NO ) 4 . 8 3 . 6 4 . 2 
3 2 
0 . 0005 5 . 8 5 . 6 5 . 7 
0 . 0010 12 . 0 9 . 6 10 . 8 
0 . 0020 15 . 1 10 . 3 12 . 7 
0 . 0040 : ' 12 . 9 9 . 1 11 . 0 
0 . 0075 48 . 0 35 . :> 41 . 6 
0 . 0150 3 . 6 3 . 5 3 . 5 
0 . 0300 5 . 1 4 . 9 5 . 0 
0 . 0600 3 .. 6 ' 3 0 2 3 vA 
0 . 1200 3 . 9 3 . 7 3 . 8 
Balanced 71 . 9 64 . 4 68 . 1 
Dist illed Water 37 . 0 37 . 0 37 . 0 
a 
Seedlings were kept in solutions 144 hours at a temperature 
TABLE 77 - 200-
1 
Length of Lateral Roots of Wheat Seedlings Grov:m in Mixtures 
C~ntaining 0 . 1000 M Monopotassium Phosphate and Different 
Concentrations of Calcium Nitrate 
1 
Length of lateral roots was obtained by averaging the two 
longest lateral roots , one from each side . 
a 
Seedlings were kept in solutions 144 h ours at a temperature 
TABLE 78 
- 201- . 
. Lengt h of Longest Roots of Wheat Seedling s Grovm i n Mi x t u res 
Contain i n g 0 . 1000 lC Mon opotassium Phosphate and Different 
Concen trat ions of Cal cium Nitrate 
a a 
Mixture Used 1 2 Average 
rnm . mm. mm . 
0 . 1000 M KH PO 
2 4 
Plu s 
0. 0000 M Ca (NO ) 8 . 0 6 . 8 7 . 4 
3 2 
0 . 0005 23 . 8 21 . 5 22 . 6 
0 . 0010 51 . 6 33 . 9 42 . 7 
0 . 0020 62 . 3 62 . 2 62 . 2 
0 . 0040 57 . 2 55 . 6 56.·4 
0 . 0075 87 .1 80 . 6 83 . 8 
0 . 0150 46 . 9 42 . 5 44 . 7 
0 . 0300 20 . 7 16 . 9 18 . 8 
0 . 0600 7 . 6 5 . 7 6 . 6 
0 . 1200 4 . 1 3 . 8 3 . 9 
Balanc ed 90 . 5 85 . 0 87 . 7 
9 . 
Dis t ille d Water 89 . 6 89 . 6 89 . 6 
a 
See dlings were kep t in solution s 144 hours at a temperature 
of 16 . 75° - 22 . 5° C . 
TABLE 79 -202-
. Length of Tops of 1,il[heat Seedlings Grovm in Mixtures Containing 
0 . 1000 M Monopotassium Phosphate and Different Concentrations 
of Calcium Nitrate 
a a 
Mixture Used 1 2 Average 
mm . mm . mm . 
0 . 1000 M KH PO 
2 4 
Plus 
0 . 0000 M Ca( NO ) 10 . 8 8 . 4 9 . 6 
3 2 
0 . 0005 57 . 4 54 . 4 55 . 9 
0 . 0010 78 . 4 71 . 9 75 . 1 
0.'0020 81 . 1 74 . 1 77 . 6 
0 . 0040 77 . 9 75 . 7 76 . 8 
0 . 0075 102 . 5 85 . 4 93 . 4 
0 . 0150 50 . 5 44 . 0 47 . 2 
0 . 0300 55 . 3 44 . 5 49 . 9 
0 . 0600 12 . 9 12 . 4 12 . 6 
0 . 1200 6 . 9 6 . 6 6 . 7 
Balanced 137 . 0 120 . 9 128 . 9 
Distilled Wate r 67 . 9 67 . 9 67 . 9 
a 
Seedlings were kept in solutions 144 hours at a temperature 
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2 . Results for Mixtures Containing 0 . 1000 ~11 KH PO and Different 
2 4 
Concentrations of Ca(NO ) 
3 2 
In this series of experiments the ~oncentration of 
ICH PO was kept constant at 0 . 1000 M, and different concentrations 
2 4 
of Ca(NO) were added . A very slight precipitate consisting 
3 2 
of a few bluish crystals was observed in mixtures containing 
0 . 1000 1.1 KH2PO 4 and O. 0600 r.~ Ca (N03
) 2 . A slightly heavier pre-
cipitate , al s o consisting of bluish crystals , was observed in 
mixtures containing 0 . 1000 M KH PO and 0 . 1200 1.1 Ca(NO ) • 
2 4 3 2 
The results for this series are not nearly so reliable 
as those for the other series . The wheat see dlings grown in 
distilled water showed a very low growth of principal roots, and 
t his defect appeared also in all of the mixtures tested . Further-
more, the cultures were infected by fungi and many of the seedlings 
had to be discarded . The high temperature made it also im-
practicable to repeat this experiment , because of the danger of 
fungous infection . 
A few points can nevertheless be learned with more or 
less security f rom this series . 
Figure 62 shows that 0 . 0005 M Ca( NO) added to 0 . 1000 H 
3 2 
KH PO has an antagonizing influence upon root growth . The curve 
2 4 
for growth in the mixtures rises with increasing concentrations 
of CI:!( N03 )2 until the optimum growth with a":r.ixture'of.0 .007J::: 
Ca(NO) and 0 . 1000 t KH2P04
• After this the curve slopes downward 
3 2 
with increasing amounts of Ca( N03 )2 added until the strongest 
A "RT.F: 8 0 
1 
Ratio of Length of Tops to Length of Roots ( Top/ Root Ratio ) of ,fueat Seedlings Grovm in 
Mixtures Containing 0 . 0300 TJI Magnesium Sulphate and Different Concentrations of Calcium 
Nitrate 
Mixture Used a a 
1 2 AtJerage 
Length Length Top/Root Length Length Top/Root Length Lengt h Top/ Root 
of of of of of o f 
Roots Tops Ratio Roots Tops Ratio Roots r op s Ratio 
If. 0300 M MgSOlf 
4 
Plus 
0 . 0000 M Ca(N03)~ 11 . 0 34 . 4 3 . 1 9 . 5 31 . 5 3 . 3 10 . 2 32 . 9 3 . 2 
0 . 0005 ~ 2 10 . 8 56 . 0 5 02 10 . 0 53 . 6 5 . 4 10 . 4 54 . 8 5.3 
0 .0010 14 . 7 62 . 2 4 . 2 14 . 0 60 . 8 4 . 3 14 . 3 61 . 5 4 . 3 
0 . 0020 25.0 72 . 3 2 . 9 23 . 9 70 . 0 2 0 9 24 . 4 71 .1 2.9· 
0 . 0040 50 . 1 68 . 6 1 . 4 49 . 1 67 . 1 1 . 4 49 . 6 67.8 1 . 4 
0 . 0075 66 . 9 66 . 2 1 . 0 65 . 2 63 . 8 1 . 0 66 . 0 65 . 0 1.0 
0 . 0150 76 . 3 63 . 2 0 . 8 75.9 62 . 1 0 . 8 76 . 1 62.6 0 . 8 
0 . 0300 77 . 1 60 . 9 0 . 8 74 . 1 58 . 7 0 . 8 75 . 6 59 0 8 0 0 8 
0.0600 63 . 4 56 . 9 0 . 9 61 . 0 55 . 3 0 . 9 62 . 2 56 .1 0.9 
0 . 1200 31.8 46 . ~ 1 . 5 24 . 7 42 . 1 1 . 7 28 . 2 44 . 2 1 . 6 
Balanced 85 . 5 135 , 1 1 . 6 82 . 8 126 . 1 1 . 5 84 . 1 130 . 6 1.6 
Distilled Water 89 . 7 77 . 1 0 . 9 89 .7 77 . 1 009 89.7 7701 0.9 
1 Length of roots was obtained by avera ging the principal root and the two longest 
lateral roots, one from each side . 
a 
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TABL::: 81 
Length of Principal Roots of Wheat Seedlings Grown in Mixtures 
Containing 0 . 1000 M Monopotassium Phosphate and Different 
C'oncentrations of Calcium Nitrate, each value being expres sed 




0 . 1000 M KH PO 
2 4 
Plhus 
0 . 0000 IV[ Ca{NO ) 
3 2 
0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0 . 0300 
0 . 0600 













































Seedlings were kept in solutions 144 hours at a temperature 
TA:JLE 82 -210-
1 
Length of Lateral Roots of VI/heat Seedlings Grown in r.cixtures 
Containing 0 . 1000 M Monopotassium Phosphate and Different 
Concentrations of Calcium Nitrate , each value being expressed 
as a Percentage of the Corresponding value for the Balanced 
Solution 
Mixture Used 
0 . 1000 M KH PO 
2 4 
Plus 
0 . 0000 M Ca(NO ) 
3 2 
0 . 0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0 . 0300 
0 . 0600 













































Length of lateral roots was obtained by averaging the two 
longest lateral roots , one from each side . 
a 
Seedlings were kept in solutions 144 hours at a temperature 
-211-
TABLh 8 
Length of Longest Root of Wheat Seedlings Grown in Mixtures 
Containing 0 . 1000 ~.T JlTonopotassium Phosphate and Different 
Concentrations of Calcium Nitraue, each value being expressed 
as a Percentage of the Corresponding value for the Balanced 
Solution 
Mixture Used 
0 ~ 1000 M KH PO 
2 4 
Plus 
0.0000 t. Ca(NO ) 
3 2 
0.0005 
0 . 0010 
0 . 0020 
0 . 0040 
0 . 0075 
0 . 0150 
0.0300 
0 . 0600 













































Seedlings were kept in solutions 144 hours at a temperature 
of 16 . 75 c - 2a. 5 c c . 
TABLE 84 - 212-
Length of Tops of Wheat Seedling Gl"Own in Mixtures Containing 
0 . 1000 M Monopotassium Phosphate and Different Concentrations 
of Calcium Nitrate , each value being expressed as a Perc engage 
of the Corresponding value for the Balanced Solution 
a a 
Mixture Used 1 2 Average 
0 . 1000 M KH PO 
2 4 
Plus 
0 . 0000 M Ca( NO ) 8 7 7 
3 2 
0 . 0005 42 45 43 
0 . 0010 57 59 58 
0 . 0020 59 61 60 
0 . 0040 57 63 60 
000075 75 71 73 
0 . 0150 37 36 37 
0 . 0300 40 37 39 
0 . 0600 9 10 10 
0 . 1200 5 5 5 
Balanced 100 100 100 
Di sti,lled 1~rater 50 56 53 
a 
Seedlings were kept in solution s 144 hours at a temperature 
of 16 . 75° - 22 . 5° C. 
-21~-
concentration of Ca (NO) used (0 . 1200 M) is reached . In this 
3 2 
mixture the growth of roots was lower than in 0 . 1000 [vI KH PO 
2 4 
alone . The typi cal branching of the principal roots observed in 
Ca (NO ) solutions: was also observed here when stronger con-
3 2 
centrations of Ca(NO ) were added . 
3 2 
For tops (figure 62) the smallest addition of Ca(NO ) 
3 2 
(0 . 0005 M) to 0 . 1000 ~,~ KH PO showed an extremely great antagonizing 
2 4 
effect . The antagonism curve rises with the increasing additions 
of Ca (NO ) 
3 2 
added until the optimum growt.c_ , which occurred in a 
the 
mixture of 0 . 0075 M Ca(NO ) 
3 2 
and 0 . 1000 M lQi PO • After optimum 
2 4 
the antagonism curve slopes downward with the increasing con-
cnetrations of Ca(NO ) added and drops down at the highest 
3 2 
concentration used (0 . 1200 M) lower than the growth in 0 . 1000 M 
KH PO alone . 
2 4 
The value ~or the top/root ratio (figure 65 ) was higher 
in the smallest concentration of Ca(NO ) (0 . 0005 M) added to 
3 2 
0 . 1000 M KH PO than in 0 . 1000 M KH PO alone . The curve descends 
2 4 2 4 
with increasing additions of Ca(N03 )2 until the concentration of 
0 . 0075 M Ca(NO ) is added . After this , the curve is irregular , 
~ 2 
but rises until the highest concentration of Ca(NO ) (0 . 1200 M) 
3 2 
is reached . 
The closeness of the agreement between the two experiments 
carried out for each one of the mixtures tested may be seen fro m 
tables 81 , 82 , 83 , and 84 , and figure~ 63 and 64 . This puzzling 
agreement between the two experiments carried out for each tested 
mixture under such adverse conditions simply appears to show 
that the fungi had an equal influence upon the wheat seedlings 
.:=0214-
grown in equal mixtures and that this influence differed with 
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and Different Concentrations of Ca(NO~ ) with Results 
;5 2 
for Mixtures Containing 0 . 1000 M KH PO and Different 
2 4 
Concentrations of Calcium Nitra te 
No reliable comparisons can be made in this case , for 
the reasons mentioned in the preceading section . It seems , 
however , that the results obtained in similar earlier comparisons 
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COMPARI SON OF ALL MIXTURb;S TESTED 
I n thi s comparison only the mi xtures with the lower 
concentrations of their constant constituent will be used (serie s 1 ), 
because the curve s for the mixt ure s ".vi t h the h i[jher concentrations 
of their constant constituent (series 2 ) are practically the 
same as the first ones , as was pointed out during the prevIous 
discussion whenever a compariosn of t wo series of mixtures was 
made . 
All curves for root growth for all rrixtures tested 
were found to be symmetrically bell- sh aped , with a r ather 
pronounc~d optimum. The case wa s not the same wi tll top gro1iit h . 
The index of antagonism for a mixture Means in t h$ 
f ollowing discussion the ratio of length of roots or tops in a 
solution containing a given mixture of two salts to t he length 
of roots or tops , respectively , in a solution containing the 
constant constituent of the gi ven mixture alone . 
1 . Indices of Antagonism for Mixtures Containing the Cons t an t 
v 
Const i t u ent and 0 . 0005 M of the Variable Con s t i tuent. 
a . For Roots 
Conposi t i on of I:Iixture Index 
0 . 0150 r: 1'.1gS04 + 0 . 0005 I I Ca( N03 )2 1 . 4 
0 . 0150 r,1 rr:gSO + 
4 
0 . 0005 lJi KI-I2PO 4 
1 . 2 
O. OEOO lof, KH2P04 "+ 0 . 0005 M Ca (N03 )2 4 . 2 
J.. , 
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b . For Tops • 
Composition of hixtuI'e Index 
0 . 0150 F hg00
4 
+ 0 . 0005 M Ca( TO ) 
3 2 
2 . 0 
0 . 0150 II MgS0
4 




1 . 4 




+ 0 . 0005 r~ Ca( N03 )2 1 . 6 
The values of the index of antagonism change with both 
constituents of the mixture . In order t o fi nd out according to 
what law they change , more experiments need t.o be carried out . 
2 . Indices of anta gonism for Proportions CorI'esponding to 
Optimu.I'1 Growt h . 
a . For Roots . 
Composition of Mixture 
0 . 0150 M MgS04 + 0 . 0150 M Ca( N03
)2 
0 . 0150 rT :rJ:gS0
4 
+ 0 . 0150 M KH Pro 
2 4 




+ 0 . 0150 M Ca( N0
3
)2 
b . For Tops . 
Composi t ion of Mixture 
0 . 0150 MgS04 + 0 . 0010 M Ca(NO ) 3 2 
0 . 0150 M MgS04 + 0 . 0075 M KH2P04 
0 . 0500 M Iili2P04 + 0 . 0075 M Ca( N03 )2 
Index 
5 . 8 
3 . 2 
5 . 6 
Index 
2 . 1 
2 . 6 
1 . 6 
- 223-
The values of tile index of antagonism for mixtures 
corresponding to optinmm growth , as vvell as the absolute growth 
values for these mixtures, remained practically the same for 
each pair of salts tested . These index values did not change 




GRO'NTH OF WHEAT SEEDLINGS IK DISTILL3D WATER 
INTRODuc'rION 
Results pertaining to the toxicity of distilled 
water for plant s differ greatly with the val~ious workers . 
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Some investigators have reported that distilled water is not toxic 
at all to the plants grown in it; some have even used it as a 
standard or control medium (Osterhout ); but most expel'imenters 
have concluded that distilled water is toxic to plants grown in 
it {Schulze , 1891; Harter , 1905; Hibbard , 1915; Merrill , 1915; 
True , 1921; and many others). A good summary of wo rk with distilled 
water and results obtained by different workers is presented by 
Livingston, Jensen , Breazlee, Pember, and Skinner (1907) . 
Toxicity of distilled water , wherever it is observed, 
is attributed to one or more of the following causes: 
a . Some foreign material is present v~1ich came into 
the distilled water from the still itself (for example, when the 
still had a copper condenser) , from the vessel in which the water 
was stored ( N~gli , 1893, and others ), or from the tap water 
from which the distilled water was prepared (Livingston , Jensen , 
Pember, and Skinner, 1907; and others ). 
B. Roots give off toxic materials , which become 
injurious for plant growth . There is a vast literature on this 
subject, pro and contra . To mention some of the latest workers 
on this problelJl Hibbard (1915), MukerJi (1920), Lyon and Wilson 
(1921) . 
c. The distilled water,in the opinion of some workers , 
is a partial ionic v acuum which brings about a disturbance in 
the normal equilibrium of the various cherJ.ical and physical 
interactions within the oI'ganisn and between it and its 
environnent (T-Ti bbard, 1915; True 1921) . ¥'errill (1915) and 
. others actual17 observed exosnosis of electrolytes from the 
plant irto t~e ~istilled water . 
So Ie .Jorkers have reported that a process of 
adjust 'Bile is go in~ on ~etween the plant and the ~istilled 
water; and that the plant beco,es later ~re resistant to 
flto .-d,city" of distilled water . 
So~e investigator s have shown that the ad&ition of 
minute quant ities of anyone of a rather larr'e number of salts 
i mproved the (11 stilled water (Harter, 190r:) . 
Livingston, Jersen, Breazlee , Pember, and Skinner 
(1'107 ) and different VJorl{ers devised nethods of i mproving the 
di stilled "va tel" b;;7 shal~inl=S it with carbon blaclc or some other 
solid materials . 
The tests here reported were '11ade wit;h the ai ' of 
obtaining an idea of the toxicJty of the distilled water used 
during the experimentation described in the preceding pages . 
It was also desired to see if t h e toxicity of distilled water 
l'1i[::11t Change with d ifferences in the lengt1Ls of rootlets of 
seedlings brought in contact YJi t h the distilled 'V"at er . 
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METHOD OF EXPERIMElJT TION 
The materials used were the same as in the other 
'exp erimen t s • 
The distilled water was obtained from a Barnstead 
still . The first 800 cc . of distilled water always were discarded; 
care was taken to have some steam always escape the condenser 
of the still , ~nce it was believed that this hepls to eliminate 
volatile materials (such as ammonia gas or c arbon dioxide ) that 
might be present in the water vapor . Water was made up freshly 
every day . Culture vessels were arranged in the way previously 
described . The water was renewed in some of the cultures . A hole 
was made in the bobbinet and a piece of glass tubing was inserted 
i n the tumbler ; the tube was connected with an aspirator (filter 
pump ) attached to a water faucet and the water was drawn from 
the tumbler . Fresh distilled water was added through a funnel . 
Care was taken to disturb the seedlings as little as possible 
in changi ng the distilled water . All cultures were carried on 
sinmltaneously under the same environmental conditions . Four 
series of experi"nents were conducted . In the first series 
seedlings were used with rootlets from 0 to I mrn . long , in the 
second series the rootlets were from 2 to 5 rom . long, in the 
third series they were from 6 to 9 mm . long , and in the fourth 
series from 10 to 14 mrl . Each series contained three cultures of 
25 seedlings each . The distilled water for the first culture 
was not changed during the whole test , the distilled water for 
the second culture was changed once a day , at 8 a . m. ; the 
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distilled water for the third culture was chan~ed twice a day , 
at 8 a .m. and 8 p . m. Four measurements 'were made on each seedling 
and recorded in the way escribed in a previous section of this 
paper . In order to have a convenient way of comparing the results , 
the growth values for roots and tops in each culture have been 
expressed in percentages of the growth of the respective organs 
in the unchanged culture . 
RESULTS 
A large number of cultures in distilled water , at 
different times and under different environmental conditions , 
was carried on in connection with the work previously described . 
They all showed that the growth of roots in distilled water was 
about the same as in the balanced solution used as a control , 
and that the growth of tops was about one - half of the growth 
of tops in the balanced solution . Slight variations were observed 
i n growth in disti lled water as compared with that in the 
balanced solution . These variations seem to indicate that the 
" toxicity" of the distilled water changed slightly f rom time to 
time . 
The principal roots always grew poorer than the lateral 
roots in distilled water . The addition of 0 . 0005 M MgbO , 0 . 0005 M 
4 
Ca (NO ) , or 0 . 0005 M KH PO certainly did not improve the 
3 2 2 4 
distilled water as a culture medium . The addition of this con-
centration of Ca (N03 )2 forMed a solution in whi ch the growth was 
about the same as in distilled water alone . The addition of 
Number 
TABLE 85 
Length of Roots and Tops of ':Jheat Seedlings Grown in Di stilled Wa t er changed onc e , J' 
or twice a day , or not changed at alla ; each relatiu e number shows the value 
expressed as a perc entage of the. value for the unchanged culture 
a 
Series 1 




















Ac tual Relative Actual Relative Actual Relative Actual Relat.i ve '~Actual nelati ve " -:: 
._-_._---
nnn . rum . rum . rnm . mm . 
62 . 4 100 53 . 0 100 66 . 0 100 56 . 2 100 48 . 4 100 
55 . 6 89 47 . 2 89 57 . 2 87 50 . 0 89 45 . 7 94 
47 . 0 75 47 . 1 81 51 . 7 78 44 . 4 79 41 . 0 81:: 
a Seedings v'lere kept at a temperature of 16 . 5 0 - 240 c . 
b Seedlings remained 37 hours in gerrninator , 84 hours in dis~illed water . Length of 
rootlets of seedlings used was Ch 1 mm . 
c 
Length of lateral roots was obtained by averaslng the t~o longest laterel roots , 
one froM each sIde . 
d Length of average roots was obtained by Bveraging the principal root and the two 







Length of Roots a lfid 'rops of -I\f.hoat Seedlings Grovm in Distilled \'later ch3nged once, or twice 
a day, or not changed at all £'; each l~ela.tive number shows tne value expressed as a 















64 .7 100 
41. 2 64 
34 . 1 53 






Actual Relative Actual ~elative 
mm . mr.l . 
61 . 3 100 67 . ,h, 100 
47 . 1 77 52 . 6 78 




IJength of 'rops 
Actual Relative Actual Relative 
mIll . rmr • 
62 . 5 100 57 . 4 100 
45 . 1 72 48 . 6 85 
39 . 1 63 39 . 9 70 
_ .. - - ---"'---'--
a Seedlings were lrept at a temperature of 16 . 50 - 24° C . 
b Seedlings remained 37 hours in gerp1.inator , 84 hours in distilled water . Length of 
rootlets of seedlings used was 2 - f. mm . 
c Length of lateral roots was obtained by averaging the two longest lateral roots , 
one from each side . 
d 
Length of average roots was obtained by averaging the principal root and the two 






Length of Roots and Tops o f Wheat Seedlings Grown i n Distilled Water changed once , _ 
or twice a day , or not changed.at all::-; each relative number shows the value 
expressed as a percentage of the value for the unchanged culture 
Series cb 





















Actual Relative Actual Relative Actual Relative Actual Relative Ac tual RelatiVE 
mm . 
67 . 2 
51 . 3 





59 . 0 
47 . 7 





68 . 2 
54 . 9 




a . 0 Seedlings were kept at a temperature of 16 . 50 - 24 C. 
mm . 
61 . 7 
48 . 9 





57 . 5 
48 . 5 




b Seedlings remained 45 hours in germinator , 76 hours in dis ~ illed 1Ivater . Length of 
rootlets of seedlings used vias 6- 9 mm . 
c Length of lateral roots was obtained by averaging the two longest lateral roots , 
one f r om each side . 
d 
Length of average roots was obtained by averaging the principal root and the two 







Length of Roots and Tops of Wheat seedlings Grown in Distilled 'Hater changed once , or twice 



















Length of Tops 





Actual Relative Actual Relative Actual Relative Actual Relative Actual Relative 
mm . rrnn • mm . mm . mm . 
67 . 2 100 56 . 6 100 64 . 6 100 58 . 8 100 56 . 3 100 
46 . 2 73 44 . 2 78 51 . 9 80 44 . 9 76 42 . 1 75 
48 . 2 76 41 . 0 72 49 . 9 77 43 . 4 74 38 . 3 68 
a Seedlings were kept at a temperature of 16 . 50 - 240 c· 
b 
Seedlings remained 49 hours in germinator; 72 hours in di stilled water; roots of 
seecUings used were 10- 14 mm . long . 
c Length of lateral roots was obtained by averaging the two longest lateral roots , 
One from each side . 
d Length of average roots was obtained by averacing the principal root and the two 








0 . 0005 r~ of either of two other salts mentioned formed a solution 
in which the growth was significantly less than in distilled 
water alone . 
An examination of the data compiled in the tables brings 
out the following ~acts: 
a . The growth of roots and tops was less rapid in 
the cultures in which the water was changed once daily than 
in those in which the water was not changed . 
b . A further decrease occurred in the cultures changed 
twice daily , as compared with those which were not changed and 
those which were changed once daily . 
c . The decrease in growth was approximately the same 
in seedlings with different root lengths (from 0 to Ih wn.) 
• 
d . The decrease in growth in cultures changed twice 
daily as compared with growth in cultures c~anged once daily 
is less than the decrease in growth in cultures changed once 
daily as compared with growth in unchanged cultures . This in-
dicates that a certain adjustment went on between the plant and 
the distilled water . 
e . Some fUrther evidence for the occurrence of such an 
adjustment may be obtained from the fact , observed during previous 
experiments in the present work , that the growth of roots of 
seedlings soaked in distilled water was slightly better than the 
growth of roots of seedlings soaked in tap water . 
f . The comparison of the decrease in growth observed 
in series 4 , which was kept in distilled water 72 hours , with 
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the de c rease in growth observed in series 1 , 2, and ~ , which were 
kept in the distilled water 84 hours , snows that the decrease 
in growth caused by the c ontact with distiChled water was brought 
about in the firs~ three days in which the seedl i ngs were in 
c ontac t with the distilled water . 
- 235-
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